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ABSTRACT 


Pulse exposure to 6-mercaptopurine (MP) induced 
a delayed cytotoxic reaction in cultures of L5178Y cells 
and L1210 cells. 1L5178Y cells continued to proliferate 
during and for le 2udoublings after) exposures to MP 
that were ultimately lethal to 98 - 99% of the cells. 

The delayed cytotoxic reaction was characterized by "un- 
balanced growth" in which cell volume, and cellular con- 
tent of RNA and protein increased above normal values. 
subsequently, cell proliteration ceased jin MPstreated 
cultures and enlarged cells lysed. Pulse exposures to 
6—thioguanine .(TG), .B=2.-deoxythioguanosine, and.ethyl 
methanesulfonate induced similar delayed cytotoxic reac- 
tions. Brief exposure to 5-bromodeoxyuridine elicited a 
delayed cytotoxic effect although cells did not enlarge 
before disintegrating. 

Inhibitions of purine nucleotide synthesis were 
apparently unrelated to delayed cytotoxic effects of MP 
and. TG. Intracellular purine ribonucleotide spool. sizes 
were reduced, during pulse exposures to) MP, but returned 
to normal values after exposures were terminated; the pool 
sizes of these metabolites in large degenerating cells 
were Similar to those in untreated control cells. Thymi- 


dine partially protected cells against delayed cytotoxic 
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Streets CfeMlebuc didtnot abrecr™reductions= in purine 
ribonucleotide pool sizes. TG-induced reductions in 
purine ribonucleotide pool sizes were only slight. Inhi- 
bitions of purine nucleotide synthesis were probably 
responsible for increased cell population doubling times 
during MP exposure periods. Intracellular pools of acid- 
soluble MP derivatives readily declined after drug expo- 
sures were terminated. 

MP was incorporated as TG nucleosides in internal 
3',5'-phosphodiester linkages of DNA and RNA chains. A 
relation was observed between the extent of this incorpor- 
apionwand = thetdelayed cytotoxicity om MP.) Mycophenolic 
acid protected cells against the delayed cytotoxic reaction 
Of MP land Suppressed incorporation into nucleic acids, Cell 
cultures which spontaneously developed partial tolerance to 
MPpeexposure/valsovexhibited avreduced capacity for incor= 
poration of MP as TG into DNA and RNA. 6-Methylthioinosine 
potentiated. cytotoxic effects, of MP in a pantrally) tolerant 
cell culture line and stimulated incorporation into DNA 
and RNA. Nucleic acid-incorporated TG was the major 
LNTOpuLIne derivative persisting in MP-sensitive cells at 
thestime of the delayed cytotoxic reaction to MP exposure. 

CytLocoxiceetiiects of MP may bermediated by in- 
COrpoLari on om [Gryanabolitessinto DNAS) It is likely that 


the delayed cy totoxicereaction, of MPyis in ereality that 
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of IG] * Consistent gwithethernypothesis that incorporation 
into: DNAS VSeresponsiblesrorn cytotoxic eftrects ion MP was 
the observationgthat wcells .weregmost sensitive 4.0 .MP: 


during the mid DNA-synthetic period of the cell cycle. 
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FOOTNOTES 


Based on a review by A. R. P. Paterson and D. M. Tidd. 
6-Thiopurines: a. Basic Aspects. Ins Handbook of 
Experimental Pharmacology Volume 38 "Antineoplastic 
and Immunosuppressive Agents", Part 2 (Sartorelli, A. 
Gy sand, Jonns,, DD. G., ed.) Springer-Verlag. in press. 


Figures 5, 97, 15,19) and 20 have been published in 
Canter eReseeren yer ol so oay ode. 
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If progress is to continue in the design and 
development of cancer chemotherapeutic agents and proce- 
dures, it is important that the mechanisms of action of 
existing drugs be understood. Specific features of drug- 
cell interactions may then be exploited in a rational 
approach to the control of malignant disease by chemicals. 
6-Mercaptopurines(MP) mwas) first;synthesized overe204years 
agO,bysHlLonees ala. (52)sand hasasince, found extensive 
use in the therapy of human acute leukemia [see reviews 
bys, Henderson 4.(7.0)0,.Goldinseteal-—(66)'| <) sHowever, during 
the intervening years there has been no satisfactory 
biochemicalsexplanationy Aorethe, antitumoreactivity.of-MP. 
Rapidly proliferating cell populations appear to be most 
sensi tives to MPs(413,1017125, 058), anda this,characteris= 
tic may be at least partially responsible for the chemo- 
therapeutic selectivity achieved with this drug. As 
with other antimetabolites, MP toxicity toward the host 
involves the normal proliferating elements of bone marrow 
and intestinal epithelium (28,29,141). Quantitative 
biochemical differences and differences in cell generation 
time and growth fraction between normal and malignant 
tissues may provide the margin for chemotherapeutic suc- 


cess. uMP..alsSo.exhibits immunosuppressive (5,18,89,91,163) 


. : a _ 
= 7+ Fae} 
‘ " er wei? 


“reo naar I 


7 a _ ft 
™ . 
a - _ - - : 8 » F 7 : 


ry 


— 


bas mpteeb ous Ai suitidago, os ef. 2e2erpaig at P fs 


=bo01g foe Biaepe Qi IDSTALOHIHIOHO Yaones FO snomgotane ol 
2 1 
So fobsns 26 eheinbeiein od? Jars srsssogmt er Se a8 a ’ 


2 : se 
-puitb to0 a@xudep? oI ttoeas whqoaerebre ea push paisals 


; fencites 6s ni besttelgeze sd csr: Yen snptanatada diel 7 
ens of iosesqqs 


-efsoimernd yd sepeanib. dusapifem ta +17 


3 
' 
steoy OS revo Eestesciaye Seri 2ew tae) sn iz iene 


= 


evieneines bavoi Sante. sot bes (Sc) «le ge, aark a 


—— 


ewaiver ad61 sgifpeanal sauces. remid to varszsdst ota ni ‘oad 7 


enkteh ,zevewoH . (#8) .le a6 mibien 1b) nostebnen :yd 
YiGtoRteistss om ngsd sé)! eisit sfsey potasvEsing = 
aw io a ad <tnedidas a4 202 doitensitxs leolmetisal 


dZon od oF fesqas- encizeluqeq (feo pm teisiiierg yibigss 


3 7 


-afreiesyanio 2i9 tne ~ (Sel, cSt, f0L,9i,)) GW of samen! : 
= srict x08 Lda Ylisidts¢ Je5el, 36 sc yea 9 ? 


2A per girs Sh iw baveines ytivizoolse oksmanseily. 


oa: ads ‘biawor yorsixes bi) »,medblodstanisngs maaed itihw 


“wort “S060 i6 6 ptnemels palasxotiic= iemiom sy. sevtonnt 


a : avisedis Keo EEE RS) mtd Loria keys fentueietn 
=) _ 
ROLIBAG D si seonenaeih. fre eapmre? 3 th : 169, ix xs 
oily’ ery. 
Bes Lipman oe oe, dob somn2 o 


| “Ty 


ry 
ofp 26% vase ‘sbavos 


ee e ee 9* 
oe aye oak o Ao fe 
ve ¢ sacar Pee ciety ae 


and anti-inflammatory (18,62,83,131,132) activities and the 
explanation for these properties may lie in the destruction 
by MP Tofespeci fic oopulations Of proiiferating normal cells. 

The current understanding of MP metabolism and 
metabolic effects /o0f the major anabolites of MP are reviewed 
below! in order to provide a background for discussion of 
the presence results which "concern the action of MP in mouse 
lymphoma L5178Y cells. In addition,the metabolism and 
meCabolic effects of 6-thioguanine, (TG) are reviewed since 
tC would appear that TG nucleotides (are also anabolites of 
MP. 

The biochemical properties of the 6-thiopurines 
have been reviewed frequently; for example: Brockman (21); 
Brockman and Anderson (23); Elion et al. (54); Henderson 
and Mandel (81); Hutchison (93); Elion and Hitchings (51); 
Stock (270); Elton (¢49)> Balzus (12) "Montgomery (125) and 
Roy-Burman (149). 

The metabolism of MP and related thiopurines is 
summarized in Figure 1., which refers to transformations 
that take place in animal cells. Abbreviations used in 
this diagram are explained in the text. Figure 1 presents 
findings from a variety of mammalian cell types; particular 
cells may be unable to effect some of the conversions indi- 
cated. The concept that analogs of the natural purine 


bases become active as antimetabolites after conversion to 
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RE 1. THIOPURINE METABOLISM 


ENZYMES 


Hypoxanthine-guanine phosphoribosyltransferase 
Purine nucleoside phosphorylase 
Methyltransferase 

Adenosine kinase 

Inosinate (HRP) dehydrogenase 
Xanthylate (XRP) aminase 
Guanylate (GRP) kinase 
Deoxynucleoside kinase 
Ribonucleotide reductase 
Guanase 

Xanthine oxidase 

Inosine kinase 


KEY TO ABBREVIATIONS 


6-Mercaptopurine 

6-Thioguanine 
6-Methylthioinosine 
6-Thioxanthine 
8-Hydroxy-6-mercaptopurine 
6-Thiouric acid 
6-Methylsulfinyl-8-hydroxypurine 
Inorganic sulfate 
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Ribosyl group at purine 9-position 
Deoxyribosyl group at purine 9-position 
Methyl group on 6-thiol of 6-thiopurine 


Monophosphate group at pentosyl 5'-position 


Diphosphate group at pentosyl 5'-position 


Triphosphate group at pentosyl 5'-position 
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ribosyl 5'-phosphate derivatives appears to have originated 
in the suggestion by Kidder and Dewey (98) that 8-azaguanine 
acted in this way. It has since been established that this 
process is the first essential step in the anabolism and 
mechanism of action of MP and the related thiopurines, 


6-thioguanine (TG) and 6-methylthioinosine (MMPR). 


A. Metabolism of 6-Mercaptopurine 


1. Anabolism 

(a3 56>ThiotnosanatespatThe initial meactionsan 
thesanabolismyof-6smercaptopurines (MP) is conversion, to 
6-thioinosinate (MPRP) (see Figure 1) by hypoxanthine-guanine 
phosphoribosyltransferase (enzyme 1, Figure 1) (25,118). 
This step was recognized as essential to the inhibitory 
action,of.MP in)experiments which showed that certain MP- 
resistant sublines of rodent neoplasms were devoid of this 
particular enzyme activity [see review by Brockman (21)]. 

The term "activation" has been used to describe 

this step; however, with hindsight, it now appears that 
earlier reference to 6-thioinosinate as the "active" form 
of the drug may have been misleading because, in addition 
to.enzymatic inhibitions directly attributable to 6-thio- 
inosinate, further metabolites of this compound are probably 


Involved) inaMPecyteotoxicityseeThestdineandetriphosphate 
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derivatives of 6-thioinosine have not been identified as 
MP metabolites; however, it is possible that these may be 
among the uncharacterized minor metabolites of MP detected 
by Caldwell (30). 
(b). 6-Methylthioinosinate. MP and other 

6-thiopurine derivatives are substrates for an S-adenosyl- 
methionine-requiring methyltransferase activity (enzyme 3, 
Figure 1) in animal cells (146,147). 6-Methylthioinosinate 
(MMPRP) is formed by methylation of 6-thioinosinate and is 
evidently: responsible: form certain metabolic effects of MP 
(see; below)i.c. This compound) 1s ja major metabolite of MP 
in several cell types (2,15,30,138). 

6-Methylthioinosinate is also the principle 
metabolite of 6-methylthioinosine (MMPR) in several cell 
types, including the human erythrocyte (114). 6-Methylthio- 
inosine is a substrate for adenosine kinase (enzyme 4, 
Figure 1) and is converted thereby to the 5'-monophosphate 
ester) (16; 3lisec also tmeferences 5-11, Hendersoniet’ al.( 82):)). 

6-Methylthioinosinate does not appear to be a 
substrate for nucleoside monophosphate kinases because the 
di- and triphosphate derivatives have not been detected in 
several cell types where formation of the monophosphate has 
been demonstrated. Accordingly, incorporation of 6-methyl- 
thioinosinate into nucleic acids would not be expected. 


Intracellular 6-methylthioinosinate persists for long 
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periods in Ehrlich ascites carcinoma cells and in human 
Gryerrocytes: (UES; 13sec, Dut in cultured U5l7éy cells* this 
compound fas,a Naif—-time Of less than one hour (C. T. 
Warnick and A. R. P. Paterson, unpublished results). 

tay. 6-Thiroxanthylate.” 6=Thioinosinate Is a 
substrate for inosinate dehydrogenase (enzyme 5, Figure 1) 
From AerObacCter aerogenes (74) 7* tne product Of this reaction, 
6-thioxanthylate (TXRP) (see Figure 1), is a major metabolite 
of MP in 3 mouse neoplasms, the Ehrlich ascites carcinoma, 
lymphoma L5178Y and Leukemia L1210 (7,30,122,138). 

(dy Culver Anabolites Of 6—-Mercapropurine. BY 
anion exchange chromatography on columns of DEAE Sephadex, 
Cardwell “(30)™) showed “that MP-Created Erlich ascites 
Carcinoma cells) contain a number of MP metabolites (per— 
haps 8) other than those mentioned above. These compounds 
have not been characterized. 

(oy. Incorporation Inco NUCTeLCeACIOS. AP Cluc=co this 
identity of some of the uncharacterized MP metabolites men- 
tioned in the preceeding paragraph may be found in the work 
of Scannell and Hitchings (156), who demonstrated that DNA 
from an MP-treated tumor contained deoxythioguanosine (TGdR). 
le is implicit-in this’ finding that “nucleotide” derivatives 
of 6-thioguanine (TG) are formed from MP. Although this 
has not been studied directly, it may be presumed that 


amination of 6-thioxanthylate by xanthylate aminase (enzyme 
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6, Figure 1) is a step in the formation of the 6-thioguano- 
Sine phosphates from MP and that deoxythioguanosine phos- 
phates are derived therefrom. These compounds have not 
been demonstrated as metabolites of Mein however, Wher 
implied existence is likely because TG is also anabolized 
by these sequences (see Figure 1 and below). The implied 
existence of thioguanosine phosphates as MP anabolites 
suggests that MP would be incorporated into RNA as well as 
into DNA and this is confirmed in the present investigation 
(see below). The incorporation of TG into RNA nucleotides 
in mouse tumor cells has been demonstrated by LePage (107). 
Incorporatiom of MPyaintormRNA has been reported a(20);; how= 
ever characterization of this material was not rigorous. 
Hansen and coworkers presented evidence which suggested 
that MP may be bound firmly to RNA by forming metal mercap- 
tides with divalent ions associated with the nucleic acid 
(75,76). The amount of MP bound to RNA was within the order 
of magnitude of that reported as "incorporated" by Bieber 
eiriodeae( 200i. 

GE),. 6-Thieinosine: gi6GeThioimosines (MPR). (see 
Figure 1) is a substrate for purine nucleoside phosphorylase 
(enzyme 2, Figure 1) (100); Ehrlich ascites carcinoma cells 
cleave this compound phosphorolytically, with liberation of 
the free base (137). However, phosphorylation of 6-thio- 


inosine has been demonstrated in extracts of a thiopurine- 
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resistant subline of the Ehrlich ascites carcinoma which 
lacked hypoxanthine-guanine phosphoribosyltransferase 
(enzyme 1, Figure 1) (145). The enzyme responsible has 
been termed "inosine kinase” (enzyme 12, Figure 1) (144); 
previously, the existence of this enzyme activity had been 
doubted (23). "Inosine kinase" activity may not be sig- 
nificant in the intact cell since thiopurine-resistant 
tumors which lack hypoxanthine-guanine phosphoribosyltrans- 


ferase are cross resistant to thioinosine. 


Z2eeucatabolism 

The urinary excretion products of the 6-thiopur- 
ines are derived by oxidation and methylation processes. 
imethesmouse,, Meats sconvetted) to; 6-thiourtesacids (TU)= by, 
xanthine oxidase (enzyme ll, Figure 1), probably by way of 
therincermedi ate, 6—-cthio—S—-hydroxypurine, (MP-80H)., In. the 
mouse, both) MP ands6-thiouric. acid ware vexcreted dnetiiesurine; 
a portion of the 6-thiouric acid may be further degraded by 
uricase, with the ultimate formation of sulfate (49,54,55). 
Invmanje Me, Ss -thiouric acid,» and sultate are also MPbs iexcre= 
tion products; the route of sulfate formation is unknown, 
but does not involve uricase since this enzyme is absent 
in man. 6-Methylsulfinyl-8-hydroxypurine (6MSO-80H) and 
several other methylated oxidation products (see Figure 1) 


have also been identified as urinary excretion products of 
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MP in man (49). 6-Methylthiopurine (MMP) occurs in rat 
urine after administration of MP (152), but has not been 
found in mouse or human urine (49). 

The xanthine oxidase inhibitor, allopurinol 
(4-hydroxypyrazolo[3,4-d]pyrimidine), inhibits the oxi- 
dationqnOfgpuranes andgofeMPhan.yive andian,vatro by both 
mouse and human tissues; the toxicity of MP, and its 
potency as an antineoplastic agent, are increased several- 
fold in the presence of allopurinol in both mouse and 
mangilo754 ;S7) son Veryylittle oxidative, catabolism of) MP. 
occurs within tumor tissue; however, in leukemia L1210 
cells there is a small amount of direct dethiolation of 


MP, presumably with the production of hypoxanthine (122). 


B. Metabolism of 6-Thioguanine 


DNA isolated from MP-treated cells has been shown 
to contain deoxythioguanosine (see Chapter I, Section A. 
I. (e) and Chapter IV). This implies that thioguanine 
neecléocerdes’ are vanabolreesof MP andetierefore tthe metabo- 


Lism tor TGS swine Laded sin Sins discussion. 


bPeAnabolism 


(a) 0 -6=Thioguanosine "Phosphates. “he initial stép in 


wievanabolism Of TG is conversion to the ribonucleoside 
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monophosphate derivative, 6-thioguanylate (TGRP) (see 
Eugure el). As with MP this reactionsis catalyzed by, 
hypoxanthine-guanine phosphoribosyltransferase (enzyme l, 
Figure 1). This became apparent when particular mouse 
tumors, which were resistant to MP through deletion of 

this enzyme, were found to be cross resistant to TG and 
also to lack the ability to convert TG to 6-thioguanylate 
(56), 50,2571) i- we AS awa th MP athe plormatbion.of yihe, Gibo= 
nucleoside monophosphate derivative is essential to the 
cytotoxic action of TG, but metabolites beyond 6-thioguany- 
late are involved in cytotoxicity. 6-Thioguanylate is a 
prominent metabolite of TG in mouse tumor cells; metabolites 
tentatively identified as thioguanosine di- and triphos- 
plates © (TGRPRsandgiGREPP) ahavegalsogbeenhdetectedaii iy12 3, 
126). This is in accordance with the demonstration by 
Miéch eroah. 1123) that Gathiequanytatelvsfapsubstratestor 
the highly specific guanylate kinase (enzyme 7, Figure 1) 
of Sarcoma 180 cells; 6-thioguanylate behaves as an alter- 
native substrate for this enzyme, but the reaction has a 
low maximum velocity relative to that with guanylate. 

(b). Deoxythioguanosine Phosphates. Although free 
deoxyribonucleoside phosphate derivatives of TG have not 
been isolated, they are evidently formed in cells because 
TG is incorporated into nucleotide linkage of DNA (104,111, 
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(Ke) Retlncompomations into NuclelomActds: SLGlasmincorpor— 


ated into DNA (see Figure 1) in internal nucleotide positions 
(104,111,112). In demonstrating the latter, DNA was degraded 
with deoxyribonuclease and phosphodiesterase, and the incor- 
porated analog was recovered in the form of a mononucleotide; 
this has been demonstrated in several mouse tumors and in 
normal mouse tissues (112). The incorporation of TG into 
DNA nucleotides has also been demonstrated with bone marrow 
from leukemic patients and patients with solid tumors (111). 
That TG also becomes incorporated into RNA (Figure 1) is 
apparent in the recovery of TG nucleotides from RNA isolated 
from lG-treaced mouse tumor cells (107). 


(d). Other Anabolites of 6-Thioguanine. Allan and 


Bennett (1) have demonstrated that 6-methylthioguanylate 
(MTGRE)§ (seer Figure \l)ptis: anslanabolitexof UG neiHsBp.No JZ 
cells grown in culture, and is apparently formed by the 
methylation of 6-thioguanylate involving the previously 
mentioned methyltransferase (enzyme 3, Figure 1) (147). 
The di- and triphosphates of 6-methylthioguanosine were 
also tentatively identified. 

(e). 6-Thioguanosine and 8-2'-Deoxythioguanosine. 
One route by which §-2'-deoxythioguanosine (TGdR) 
is anabolized in normal and neoplastic cells is by way of 
a kinase-catalyzed phosphorylation (enzyme 8, Figure 1) 


with eventual incorporation into DNA (94,112,140). A 
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kinase activity present in Ehrlich ascites carcinoma cells 
also catalyzes the phosphorylation of 6-thioguanosine (TGR) 
(145). The corresponding di- and triphosphate derivatives 
of 6-thioguanosine and its deoxyribosyl homologue (see 
Figure 1) have been demonstrated in acid extracts of tumor 
cells which were treated in vivo with the analcg nucleosides 
(107). a-2'-Deoxythioguanosine is also converted to mono-, 
di-, and triphosphate derivatives and incorporation into 
the terminal nucleoside positions of RNA and DNA in a mouse 
tumor has been shown. In contrast, §-2'-deoxythioguanosine 
was incorporated into internal nucleotide positions in DNA 
CEOF) 

In an alternate anabolic route, the ribosyl and 
deoxyribosyl derivatives of TG are™cleaved* by phosphorolysis 
(enzyme 2, Figure 1) with release of the base which is then 
available for conversion to nucleotide by hypoxanthine- 
guanine phosphoribosyltransferase (enzyme 1, Figure 1). 
Phosphorolysis of the ribosyl and £B-2'-deoxyribosyl deri- 
Vativesvor 1G hasbeen) demonstrated in tumor cell extracts, 
but a-2'-deoxythioguanosine is not cleaved by purine 


nucleoside phosphorylase (107). 


2. Catabolism 
TG is?’ Substrate? for’ guanase (enzyme. 10); Fagure 


1) and the deamination product is 6-thioxanthine (TX) (see 
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FPigure™1)(42)"<* | The® latter is’ oxidizediby! xanthine’ oxi= 
dase (enzyme 11, Figure 1) and the reaction product is 
6=thisuric acid (1TU)o) 6=Thioxanthinepand® G-thiouriesacid 
have been identified as catabolites of TG in mouse tissues 
(126). 6-Thioxanthine and 6-thiouric acid are major cata- 
bolites of TG in patients with tumors of the head and neck 
(103). * © HoweverysdegqradationsoferG hy this route occurs 
only to a small extent during therapy of human leukemias 
(49). Methylated excretion’ products of TG are more abundant 
in these pacientswand 2-amino-6=methy!thiopurine: (MTrG) 

(see Figure 1) is a prominent urinary constituent (53). 
Letkowitzveteals (103 )™suggestedsthat: these) ditterences an 
man may be related to the type of disease. Sulfate is also 
aemajor endproductminethes catabolism ot TGS. Small amounts 
OfreTGyundergo directidethiclatzon in¥tumorytissuemand the 
products have been detected as nucleic acid purines, prin- 
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€. Metabolicenitects of 6—-Mercaptopurine 


Efforts to elucidate the biochemical mechanisms 
of MP cytotoxicity have involved searching for biochemical 
disturbances produced by the drug and its metabolites which 
ponldnhaccountetlorethetdrug’sebiologicalvertectss Elion and 


Hitchings (51) have summarized some of the metabolic effects 
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of MP anabolites; the present discussion of these effects 
does not attempt to be comprehensive and is admittedly 
selective. The metabolism of normal purines is summarized 
in Figure 2, and effects of MP anabolites at the level of 
purine nucleotide synthesis and interconversions are dis- 
cussed in relation to inhibitions of enzyme catalyzed reac- 


tions represented in this diagram. 


1. The Free Base, 6-Mercaptopurine 

MP has been “shown to inhibit hypoxanthine-guanine 
phosphoribosyltransferase (enzyme 1, Figure 2) (6) and 
xanthine oxidase (enzyme 11, Figure 2) (164); in both inhi- 
bitions the analog is a competitive substrate. Since con- 
version to 6-thioinosinate is the first step essential to 
the Cytotoxic activaty of MP [see review by: Brockman (214, 
these inhibitory effects of the free base are of doubtful 


chemotherapeutic significance. 


2. Nucleotide Anabolites 

Studies of MP "mechanisms of action" have 
concentrated upon metabolic effects of the anabolites, 6- 
thioinosinate and 6-methylthioinosinate (see Figure 1); 
6nzymatic inhibitory effects of possible importance in the 
present context are not known for 6-thioxanthylate, the 


other major anabolite of MP. The isolation of 


-etb o16 re bas ohban sessile antl _ © 


~oe@n) besyisseo emysos IG Sistas tice oe nls ae ee - 

«mexpath eis th besnesotast aaoids | 

; sli _ ' 

Sains saci asxoaye sidtdsé o3 awote masd 2srf gw : 

fos (3) (S stupit .1 surysas) oxetstensilventénodqmeda : 

; ~Eiint faod at - (eal) (S srupra , it omysas) se6piso. otididaex 7 
«lisa, amid  sedatiede svitiaeqnoo © et oolacs sat enoldid 

od Ieidasses qoge J4113 ant ei atenieoniords-* o1 seleatev | 
ffs) memisazad :yd wets s5al( 5M to ydivise aizaiesys sit 

7 Styduoh Jo exw, sa5d.ss1F S43 to asuette yiodtdtialaeeds = 
| .soneoit ta¢pie nispaqetsrtiomano 


ved “‘noitos 20 oo. am oq esibude 
-a emetic ads 36 S299%2S aifodazem soqe. bodezameenee 
~ lib tated, See) atae ive Siuskyntyn-e) Bae sasakeondond? — y 
ext al aonb as ee Lae b webes2a gronkeitad oigsyens 
| + oie neg a 203 - pwenst ton o18 txetros tneseq 


ae 


" 


a 


- eo . a 


2 3 
7. 2 Goary ia < 
879 Rinesos ~ 
a0. oC) Cuanese aa 
L)e?, Aohtine’ ox ites 
13.7 Clatasime—-plos cr i hee 
anidietiranci¢reas. ' 
14. | Adore loatice inet= Syeda 
16. | AedletypQumece nats ‘Vy is . 
w 
2s 
so 
a 3 
£ 4 AQ Ms Abe tarrong 2 
ss > eS . {eer ee 
a re) - > 
g 18 ai 
SKaATA Lie ss 
ams = a 
16 Ne 25 
mMihe i» 
Fai 
eorit 
rele aoay mine 
Py L — ra 24 
=) 
Pd 
Qe 
a 


— 


Gr. 


dddyoD. <= a ee ee eee ie) 


UD 
6 Pa I 
z 
dddr)) +a a ddud 9 Sai gee Ue) eae) 
f ON 
du X xX caeee 8! 
t ye 
ddud ; 
VNC VNU + > VUd >> YVONI -—>—-—s« dU NA Ferenel 
NiO! OAON 30 SISSHLNAS 
JQILOFIDNNOBIY ANIYNd : SS 4 
du ia 


ddddp <2 dddp a a ee y 


eae 


<> << 
dddupy dd uPpy duPpy 


IVs 


FIGURE 2. PURINE METABOLISM 
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deoxythioguanosine from DNA of MP-treated cells (156) 
revealed that TG nucleotides are formed in the metabolism 
of MP. TG nucleotides would appear to be derived by way 
of 6-thioinosinate conversion to 6-thioguanylate, presumably 
via 6-thioxanthylate. It is at least theoretically possi- 
ble that MP-treated cells will express the superimposed 
mebabohiicterfcerssort séverdl MPsanabol ites ;*including®iG 
nucleotides. The nature of ‘the MP effect would depend 
uponethe relative \proportion of ethemMPtanabelites:” The 
following discussion will be concerned mainly with the 
metabolic effects of 6-thioinosinate and 6-methylthioino- 
sinate. 


(akiseinhtbttionio&s Purine Ribonucleotide Synthesis de 
Novem. tit was lorvginally «demonstrated thatMP vinhibiced the 
incorporab concert pies abeted formate or glycine into acid- 
soluble purines (59) and nucleic acid purines of experimen- 
ta Wineopl asmsin (68 (7177108 7166) “sThe inhibitwon by "MP cof 
imicorporation yor phosphate “into nuclercos#acrds!? (44)sicould 
be interpreted in terms of these observations, which sug- 
gestedachatuMPcinhibited iether purine rebonueleoride 
synthesis de novo or purine ribonucleotide interconversions, 
or both of these processes (see Figure 2). 

MPrralso finhibiteditthe accumulation o f-0-N=tormy l= 


glycinamide ribonucleotide (FGAR) in azaserine-treated tumor 
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a glutamine analog, inhibits the glutamine-requiring 
amidation of FGAR; flux through the preceding steps of 
purine synthesis continues and FGAR accumulates in aza- 
serime—Created) celise® Thus ;thelinhibitioneby MP Of FGAR 
accumulation indicated that MP inhibited an early step in 
purine ribonucleotide synthesis de novo (see Figure 2). 
Brockman (22) showed that MP did not inhibit the accumula- 
tion of FGAR in thiopurine-resistant cells that lacked the 
Capacity to form 6-thioinosinate, in agreement with earlier 
results of LePage and Jones (109) which suggested that a 
nucleotide metabolite of the drug was responsible for the 
inhibition of the purine pathway. Natural purines also 
inhibited accumulation of FGAR (79) and it seemed that 
Malitalanecelleawere similar tovh.ocolinecell seinewhach 
purinesribonucleotidessynthesis deinovo was subject*to fLeed- 
back regulation and in which thiopurine metabolites evidently 
mimicked natural purine nucleotides as feedback inhibitors 
of an early enzyme step (67). On the basis of similar 
experiments with intact tumor cells, 6-methylthioinosine 
(as the 5'-monophosphate) was shown to be a very potent 
inhibitor of the de novo pathway of purine synthesis (80). 
6-Thioinosinate and 6-methylthioinosinate have 
been reported to inhibit various preparations of glutamine- 
phosphoribosylpyrophosphate (PRPP) amidotransferase (enzyme 


13, Figure 2), the first enzyme unique to the pathway of 
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purine ribonucleotide synthesis de NOVO 9(35,84 120,121,174). 
In this effect, the thiopurine nucleotides mimicked the 
effect of natural purine nucleotides and consequently these 
analog ribonucleotides were described as "pseudo-feedback 
inhibitors" of the enzyme. 6-Methylthioinosinate is the 
most potent of the reported nucleotide inhibitors of the 
amidotransferase (84,174), and it has been suggested that 
intracellular 6-methylthioinosinate, formed as a metabolite 
On MES (sees Figures] )ipeis (pesponsible sioremostlofethe inhi— 
baclonseotspurinersymthesisséde- novo ebservedeingMP-L_Lreated 
eells+s(15).. 

Bennetrtetyal., (47) peoncludedsthateteor threesmouse 
neoplasms treated insvivo with MP, sinterferenceawith an 
CablyeccepRInepUGl nesysyntness SvdeégnovouwasnOregneateresig— 
nificance in inhibition of purine nucleotide synthesis than 
inhibition of purine ribonucleotide interconversions. In 
these experiments, —aMP markedly sinhibited)thesincorporation 


of +4¢-¢ormate or 14 0-glycine into nucleic acid purines, 


but had little or no effect on the incorporation of rite 
aminoimidazole carboxamide (AIC). Similarly, Brockman and 
Chumley (24) found that incorporation of AIC into purine 
ribonucleotides in drug-sensitive cells was not inhibited 
at concentrations of MP which strongly inhibited the 


azaserine-induced accumulation of FGAR. Hakala and Nichol 


(71) reported that AIC partially prevented MP inhibition 
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of tumor cell growth in culture. They suggested that a 
block prior to the formation of AIC ribonucleotide on the 
de novo purine pathway was at least partially responsible 
for growth inhibition in this system in which cell proli- 
feration was totally dependent upon endogenous formation 
of purines. In contrast, LePage and coworkers found no 
correlation between tumor growth inhibition and feedback 
inhibition of purine ribonucleotide synthesis de novo by 
MP (68,109). Also Hitchings and Elion (90) reported that 
MPfelretted feedback 1nhipition OL purine synitnesisede 
novo to the same extent in lines of Adenocarcinoma 755 
which were MP-sensitive and MP=resistane, = (hus, inhtbieion 
of PurIme*Ssynthesasede novo by armetabolite onesMPeis tan 
important biochemical effect of the drug; however, a rela- 
tionship between this effect and cytotoxicity has not been 
established. 

An argument against the idea that MP cytotoxi- 
city derives from inhibition of purine synthesis de novo 
may be found in the fact that therapeutic effects are en- 
hanced synergistically when MP and several inhibitors of 
purine synthesis de novo are used in combination in 
chemotherapy of various rodent tumors. The glutamine 
analogs, azaserine and 6-diazo-5-oxo-L-norleucine inhibit 
de novo purine synthesis, and both synergize with MP (38, 


86,173). As well, it has been demonstrated that 
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6-methylthioinosine potentiates the cytotoxic activity of 
MP, apparently by inhibiting glutamine-PRPP amidotrans- 
ferace? ands ttherebysancreasing. the,availability of PRPP»for 
phosphoribosyltransferase-catalyzed reactions; in this way, 
tiesanabols smeot y MPs iseenhanced) (136 ,43841397159,1629477). It 
is difficult to imagine how combinations of these agents 
with MP would result in synergistic. enhancement of cytotoxic 
eLrects| pad MP toxicityywere duetisolelytosinhibition,of 
PRPP-amidotransferase. However, inhibition of glutamine- 
PRPP amidotransferase and the concomitant accumulation of 
PRPP would appear to be the basis of the "self-enhancement" 
enieci. Ota MP aiinawhach jhe, abilitysoficelmts tomconvert MP: 
Co, 6-thioinosinate ise enhancedsby prior exposure bon MP; 
(12290835134)% 

Hitchingsa and Elions (90). concluded! thats porentaa-— 
tion of azaserine by MP was inconsistent with the concept 
that the purine analog acts primarily on de novo purine 
synthesis. They suggested that effects on purine ribonu- 
cleotide interconversions may play an important role in 


EUMOTs 2nhi bistaone 


(b). Inhibition of Purine Ribonucleotide Interconver- 
sions. Experiments with microorganisms provided the first 


evidence that thiopurines inhibited purine ribonucleotide 
interconversions [see reviews by: Elion and Hitchings (50); 


Skipper and Bennett (167); Brockman (21); Brockman and 
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Anderson (23); Balis (12)]. Hakala and Nichol (70) and 
Davidson (43) found that MP, presumably as the nucleotide, 
inhibited the conversion of inosinate (HRP) to adenylate 
(ARP) (see*Pyqure=2) inv intact tumor cells, \and=sampson 

et al. (165) reported that formation of guanylate (GRP) 
Promeinesinate (see rigure 2) eby Ehzlichtasci tes ’cel ls in 
vivo was also inhibited by MP and was apparently more 
susceptible to inhibition by MP than formation of adeny- 
late. Cell-free preparations of Sarcoma 180 exhibited 
reduced capacity to convert inosinate to adenylate and 
xanthylate (XRP) (see Figure 2) when the tumor was obtained 
from animals which had been treated with MP (150). “In con- 
trast, Baker and Bennett (11) concluded that the concen- 
tration of 6-thioinosinate required to inhibit the 
conversion of inosinate to adenylate in a cell-free system 
from Adenocarcinoma 755 was sufficiently high that this 
inhibition was not likely to be of primary significance 

Tie VLVOe HOWeVver, = iniosinace = concent Latlonss ll) cells tare 
low and Elion (49) has suggested that the 6-thioinosinate 
GONCENUIALIONs =aciLeved wi MP“treated Cells*wouldslrkely 
inhibit inosinate metabolism, despite the fact that 6-thio- 
inosinate has lower affinity than inosinate for inosinate 
dehydrogenase (enzyme 5, Figure 2) and adenylosuccinate 
synthetase (enzyme 14, Figure 2). Whether or not these 


metabolic effects of 6-thioinosinate contribute to the 
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therapeutic result is still an open question because 
intracellular pools of 6-thioinosinate have a transient 
existence only (12,133). 

Inosinate dehydrogenase (enzyme 5, Figure 2) 
catalyzes conversion of inosinate to xanthylate; prepar- 
ations of this enzyme from pigeon liver (151) and from 
Ehrlich ascites tumor cells (8) were inhibited by 6-thio- 
inosinate. Adenylosuccinate synthetase (enzyme 14, Figure 
2) catalyzes conversion of inosinate to adenylosuccinate 
(SARP), and adenylosuccinate lyase (enzyme 15, Figure 2) 
is responsible for the conversion of adenylosuccinate into 
adenylate om, Atkinson etal» .(9) seporcted that both enzymes 
(partially purified from Ehrlich ascites tumor cells) were 
inhibited by 6-thioinosinate and concluded from a compari- 
son of the activities and kinetic parameters of inosinate 
dehydrogenase, adenylosuccinate synthetase, and adenylo- 
succinate lyase that the first of these enzyme activities 
was probably most sensitive to inhibition by 6-thioinosinate 
inyintact.Ehrlich ascites: tumor cells. Salser and) Balis 
(150) demonstrated that the intrinsic capacity. for synthe- 
sis of adenylate and xanthylate was lower in Sarcoma 180 
than in normal mouse liver and suggested that the lower 
enzyme activities in tumors might account for the selective 
cy totoxui ciactiony of MPatoward neoplastic tissue.« an spite 


of these observations, a causal relationship between 
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inhibition of purine nucleotide interconversions and MP 
cytotoxicity has not been established. Further, it has 
not been established that temporary constriction of the 
production of purine nucleotides is necessarily lethal 
to the cell. 

(c). Incorporation into DNA. Scannell and Hitchings 
(156) demonstrated that deoxythioguanosine was present in 
DNA isolated from a MP-resistant subline of Adenocarcinoma 
755 after treatment with MP. The amount of deoxythio- 
guanosine associated with the DNA of the resistant tumor 
was twice that found in the sensitive parent line and was 
of the same order of magnitude as that reported for 
incorporation of TG into DNA under comparable conditions 
(106). Although it appears that incorporation of TG into 
DNA is centrally involved in the cytotoxic activity of TG 
(see below), the mechanism by which the incorporated 
analog exerts its toxic effect is not evident. It would 
seem that in some resistant mutants toxic effects of the 
DNA-incorporated analog are suppressed in some manner. 

(d). Resistance to 6-Mercaptopurine. In a number of 
instances, MP resistance in experimental tumors has been 
associated with loss of the ability to convert MP to 
6-thioinosinate [see review by Brockman (21)]. This has 
usually involved reduced activity of or deletion of 


hypoxanthine-guanine phosphoribosyltransferase. However, 
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it is clear that resistance to MP may be acquired by other 
means, aS will be apparent in the following examples. A 
subline of the Ehrlich ascites carcinoma selected for MP 
resistance (135) possessed MP phosphoribosyltransferase 
activity comparable to that of the MP-sensitive parent 
line. Wolpert et al. (180) suggested that enhanced break- 
down of thiopurine nucleotides by alkaline phosphohydrolase 
may be at least partially responsible for the insensitivity 
of a subline of Sarcoma 180 to these agents. 

Bieber ebeal ap (20) ghavendescri bedgasMesresretant 
line of Adenocarcinoma 755 which apparently incorporated 
ae leastaasumucheMPpintowacid-solublejnucleotidesgsand into 
bhevauctetc acids as the MPosensitrve line. Scannell 
and Hitchings (156) demonstrated that deoxythioguanosine 
was present in DNA of this resistant tumor after treatment 
with MP (see above). 

What little is known about thiopurine resistance 
in human neoplastic disease also indicates that mechanisms 
other than phosphoribosyltransferase deletion are opera- 
tive; for example, assay of phosphoribosyltransferase 
activities of leukocytes from leukemic patients who had 
become resistant to therapy with MP after initially re- 
sponding, revealed a deficiency of hypoxanthine phosphori- 
bosyltransferase)in+cells of-only onesof the fifteen 


subjects tested (45). 
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(e). Summary. The intracellular presence of the MP 
anabolites, 6-methylthioinosinate and 6-thioinosinate, 
results in inhibition of purine ribonucleotide synthesis 
and interconversions. The specific enzymatic effects 
are inhibition of glutamine-PRPP amidotransferase by 
6-thioinosinate and 6-methylthioinosinate, and inhibitions 
by 6-thioinosinate of inosinate dehydrogenase, adenylo- 
succinate synthetase and adenylosuccinate lyase. Conver- 
sion of MP to TG nucleotides introduces the possibility 
Gftstvil further loci tof action *foreMP. “There has not 
been sufficient evidence to attribute the lethal effects 
Gf MPSexposuresto the ‘enzymaticeinhibitions *discussed 


above. 


DapeMetaboli chur ftects ofe6=Thiogquanine 


DNA-isolated from MP-treated°cells has been shown 
to contain deoxythioguanosine (see Chapter I, Section A. 
ime *(e)yand Chapter IV). “This implies that thioguanine 
nucleotides are anabolites of MP and therefore the meta- 


bOLUIC=TeLLecussor Teeare included*in thiscdiscussion. 


Treatment with TG inhibits the growth of a 
number of transplantable rodent tumors, including Adeno- 


Carcinoma 755, leukemia L1210, Ehrlich ascites carcinoma 
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and others (153,160,176,179). Useful therapeutic responses 
were obtained in clinical trials of TG in treatment of 
acute lymphocytic leukemia and chronic myelogenous leuke- 
Wika W575 Bi] 252 Oe TG and MP appeared to have the same 
therapeutic spectrum, and TG was not effective in leukemias 
resistant to MP (72). It has been a general opinion among 
clinical investigators that TG and MP were similar in 
metabolism and that therapeutic responses to each were 
Similar, although TGiwas more toxic on atmolar basis? (Of 
the vtwo7 MP hasbeen the most 'studied: 

Ontatmolar basis7elG ts about “258timessmoerettoxic 
noy Chesmouse tLhaneMP 0168) Saethe principal tmeaturesor IG 
toxicity in mammals is the highly selective action against 
bone marrow (141,143). In man toxic effects include leu- 
kopenia and thrombocytopenia with some gastrointestinal 
disturbances (142). Marrow depression is also the principal 
toxicity associated with the combination of TG and arabino- 


sylcytosine (63). 


1. The Free Base, 6-Thioguanine 


TG was shown to inhibit the incoLPoraclon of 
guanine into nucleic acids of ascites tumor cells, and it 
was suggested that this effect might be partly attributable 
to competition between TG and guanine for hypoxanthine- 


guanine phosphoribosyltransferase (154). 
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2. Nucleotide Anabolites 

6-Thioguanylate (TGRP) (see Figure 1) is a major 
metabolite of TG in normal tissues of the mouse, guinea 
pig bone marrow, and in several ascitic tumors of the 
mouse (107,123,126). 6-Thioguanosine di- and triphosphates 
(see Figure 1) have also been tentatively identified as TG 
metabolites in mouse ascites tumors. In Ehrlich ascites 
carcinoma cells which were treated ii vivo with SiG peintra= 
cellular 6-thioguanylate persisted for substantial periods 
(after 24 h,6-thioguanylate concentrations were about 203% 
of those at 1h (126)), suggesting that this metabolite 
may turn over more slowly than 6-thioinosinate (133). It 
was established that formation of 6-thioguanylate is 
essencerabetorthne cytotoxrc action of *lG jas a (resule ce 
experiments with thiopurine-resistant sublines of mouse 
tumors which were devoid of hypoxanthine-guanine phospho- 
ribosyltransferase activity and were therefore unable to 
anabelizée=TG (20) s" "This finding focused attention sonrthe 
effects of 6-thioguanylate on the intermediary metabolism 
of purine nucleotides. However, it was also apparent that 
the involvement of 6-thioguanylate in TG cytotoxicity did 
not preclude the involvement of metabolites beyond 6-thio- 
guanylate. In attempts to relate TG cytotoxicity to the 
biochemical effects of TG metabolites, three areas have 


been investigated: (a) purine nucleotide synthesis de novo, 
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(b)einterconversions,of purine: nucleotides; (seesFrigqure.2) , 
and (c) incorporation of TG into DNA. Studies on the 
first two areas have attempted to identify inhibitory 
actions of 6-thioguanylate and to relate these to growth 
enh rbitd On, 

(a). Inhibition of Purine Ribonucleotide Synthesis 
ae Novo. yihe presence of 6-thioguanylate, an ced ls haswa 
number of direct consequences. Glutamine-PRPP amidotrans- 
ferase (enzyme 13, Figure 2), the first enzyme in the 
reaction sequence by which purine nucleotides are synthe- 
sized de .novo,.iSs apparently subject.to allosteric regula- 
tion by purine nucleotides, and is inhibited by several 
nucleotide derivatives of thiopurines (121). Allan and 
Bennett (1) have compared the abilities of 6-thiopurine 
ribonucleotides to inhibit partly purified PRPP amidotrans- 
ferase from mouse tumor cells; the results (expressed in 
terms of the concentration (mM) required for 50% inhibition 
of the amidotransferase) are as follows: 6-thioinosinate 
(l.li)7 -6-thioguanylate (0.27), G=methylthioinosanate) (0.09), 
and 6-methylthioguanylate (1.15). From the concentrations 
of 6-thioguanylate achievable in tumor cells (about 0.1 - 
Oo 22nM. (123, 226); ,.tewouldpappear that. thisemetabolic.erfect 
of 6-thioguanylate may be operative in TG-treated tumor 
cells. Consistent with these facts are the demonstrations 


that TG blocks (a) the first portion of the de novo pathway 
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of purine synthesis and (b) the incorporation of glycine- 
Lec into the purine bases of the nucleic acids of tumor 
cells (105). The formation of 6-methylthio derivatives 
of the thioguanosine phosphates (see Figure 1) probably 
does not contribute to the inhibition by TG of purine 
synthesis de novo (1) 

(b). Inhibition of Purine Ribonucleotide Interconver- 
sions. Inosinate dehydrogenase (enzyme 5, Figure 2) is 
inhibited by 6-thioinosinate and 6-thioguanylate, apparently 
because the analogs form disulfide bonds with an enzymic 
sulfhydryl group at the inosinate reaction site (8,74). 
The inactivation by thiopurine nucleotides of the inosin- 
ate dehydrogenase activities of Aerobacter aerogenes and 
of Sarcoma 180 cells is reversible by sulfhydryl reagents 
(74,123). 6-Thioguanylate is an inhibitor of guanylate 
kinase (enzyme 7, Figure 2) from Sarcoma 180 cells and 
from hog brain. The analog behaves as a competitive 
inhibitor of the substrate guanylate with a K. of about 
ox P0neu and is itself a substrate for the enzyme, al- 
though the maximum velocity of the reaction is low (124). 

Miech etal.” (1237124) have’ proposed” that” the 
presence of 6-thioguanylate in tumor cells should impair 
the synthesis of guanylate through inhibition at the 2 
Sites noted above, glutamine-PRPP amidotransferase 


(enzyme 13, Figure 2) and inosinate dehydrogenase 
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(enzymes, Pigure 2).4 The authors suggest. that these in- 
hibitions, together with that of guanylate kinase (enzyme 
in Higuxye 12): ,.might.result iin«<a .general»lowering of intra- 
cellular concentrations of guanine nucleotides, a situation 
which might have serious consequences for tne,ced,, «Lt 
remains in the realm of speculation whether a temporary 
constriction in the synthesis of guanosine phosphates would 
have lethal consequences for cells. 

(c). Incorporation into DNA. On the basis of inves- 
Ebgatlens gintosthe wmetabolic effects of \tG, bePage ycon= 
cluded that TG incorporation into DNA (see Figure 1) 
consistently correlated with tumor inhibition and was 
paerehotecoaklikely basiswior TG cytotoxicity 9( 1045106. 

09), L107 154). peAtnumbensoh.iG-sensitive> mouse Lumens ins 
corporated TG into DNA, whereas such incorporation was 
meh etesssingthesiG-insensituve C3HED and Mecca lympho- 
sarcomas (l0G,109)ay Sin contrast; inhibition sob the ede ‘novo 
pathway of purine synthesis by 6-thioguanylate did not 
correlate fwith (tumorqsensitivaty. to! TG; »this,effectof TG 
was operative in the TG-insensitive lymphomas, as well as 
in the sensitive neoplasms (109). The postulate that TG 
cytotoxicity was @due.to entry into DNA ,structure,suggested 
that B-2'-deoxythioguanosine might be an effective anti- 
tumor agent with some advantage over TG in that fewer 


metabolic steps would be required for its incorporation 
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into DNA. The a- and B-anomers of 2'-deoxythioguanosine 
were found to have antitumor activity and were inhibitory 
to TG-resistant tumor sublines and to the naturally in- 
sensitive Mecca lymphosarcoma (112). Mecca cells incor- 
porated the B-anomer into DNA at a much higher rate than 
2G; the O=anomer"also entered=DNA, partly "an =the ®form lot 
Chain termini (110) 

LePage and Whitecar (111) have shown that bone 
marrow Of patients with acute leukemia responded rapidly 
to TG treatment with the disappearance of a large fraction 
of the original cells. A course of 5 daily treatments 
projected the surviving cells into a proliferative state, 
and in those cells, one-half to essentially all DNA guanine 
Wasereplaced by @1Gre* The speciiie™toxlerey -oreTGefor bone 
marrow may be attributable to the ability of other rapidly 
proliferating tissues to deaminate the analog (see Figure 
ey 

(djs Summarys ~6-Thioguanylate inhibits ~the™dernovo 
pathway of purine synthesis and purine nucleotide inter- 
conversions; the enzymes inhibited by the analog nucleo- 
tide are glutamine-PRPP amidotransferase, inosinate 
dehydrogenase and guanylate kinase. However, there is 
reasonable doubt that the cytotoxic effects of TG can be 
attributed to"these inhibitions. Incorporation of TG*into 


DNA correlates with drug lethality, but the mechanism by 
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which the incorporated. analog exerts its effect is not 


apparent. 


Bo. {QDs ECE VesSuin.this Investigation 


Experiments performed in this laboratory indi- 
cated that there was a delay between exposure to MP and 
effects of this drug treatment on proliferation of EAC 
cells in vivo and mouse) lymphoma L5178Y icéllseins vitro, 

A search of the thiopurine literature revealed that simi- 
VwAlLeolLectes OF MPi had been. reported angthesear ly workson 

the antitumor properties of MP. However, senese observa— 
tions were evidently overlooked during subsequent investiga- 
tions of the biochemical mechanisms responsible for 
SyLOCOxI Cee itects, of MP.) MP-induced inhibitions patethe 
level of purine nucleotide synthesis have been offered 

as explanations for MP cytotoxicity. Such inhibitions 
would be expected to elicit immediate effects on cell 
proliferation rate. 

The present investigation was undertaken as part 
of a research effort directed towards elucidating the 
biochemical interactions responsible for the delayed 
cytotoxic activity of MP in cultured mouse lymphoma L5178Y 
cells. The metabolism and metabolic effects of MP were 


examined under conditions in which the effects of the 
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drug on cell proliferation were also monitored. 

Similar mechanisms may be responsible for the 
antineoplasticqwactivity of MP in man and an aim of this 
PrOvecl oie co provide dan understanding of MP action in 
human cells which will aid in the development of improved 


cancer chemotherapeutic agents and procedures. 
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Paterson and Moriwaki (136) described a delay in 
the cytotoxic response of cultured cells of mouse lymphoma 
L5178Y during continuous exposure to a low concentration of 
MP. Further experiments in this laboratory demonstrated that 
ereacneie Of euACecel S*with "MP in wivo resuirced in a-de— 
layed effect on cell proliferation; tumor cell numbers 
increased "for s4 to S days “alter the “final MP treatment “or 
a schedule which produced 85% 50 day survivors amongst 
the NOstemuces? Sinavarly; “cultured -i5)/ 8Y cells probrrera— 
ted during and for limited periods after a pulse exposure 
COmeMP Ve detayed "cytovcoxtc errects were observedrin= these 
cultures. 

Hirshaut et al. (85) cultured human malignant 
leukocytes in the presence of moderate levels of MP and 
noted that cell multiplication continued for several days 
before lethal effects were apparent. Similar reports of 
delayed cytotoxic effects of MP were found in the early 
work on the antitumor properties of MP, but it was apparent 
that these observations had been overlooked in subsequent 
discussions of the biochemical mechanism of action of MP. 


Bases (14) “originally observed that MP-treated 
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HeLa cells continued to divide when all but 1 or 2% were 
"sterile" © =He® pointed out the similarity) between® this 
effect of MP and that of low doses of X-irradiation on 
cultured HeLa cells. Tomizawa and Aronow (175) reported 
that brief exposure to MP caused a "delayed" cytotoxicity 
in cultures of Earle's L strain of mouse fibroblast. They 
postulated that the delayed cytotoxic effect might be 
caused by incorporation of MP into DNA. This type of cell 
death could possibly explain why MP gave a negative result 
(on the borderline of scoring as a potential cancer chemo- 
therapeutic agent) in early screening against Sarcoma 180 
(Co). eeclarke tee ale (3/) ssubsequently demonstrated ithat 
Lhe Majormury Of tearcomag 80 transplants from MP=treated 
animals failed to grow in their new hosts despite poor 
apparent responses to therapy with MP. The appearance of 
large cells was a characteristic feature of the delayed 
cycocoxicr ertect. Of MPMine vitro “(14)9 and this™wasmalisd 
described for MP-treated Sarcoma 180 (37). Berenbaum (18) 
has discussed these effects of MP in terms of the concept 
of "reproductive death". 

In the present investigation, cultured mouse 
Mymphoma LSP SY “and@uI210 cells "exhibited adelayed ‘cyto- 
toxic reaction following a pulse exposure to MP. Toxic 
effects of MP were observed at a time when the drug was 


no longer available to the cells. Delayed cytotoxic 
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reactions in cultures of L5178Y cells were also observed 
for pulse exposures to TG, 6-2'-deoxythioguanosine, 5- 
bromodeoxyuridine and ethyl methanesulfonate. Normal 
purine nucleotide synthesis is essential for continued 
celij proliterationyand consequently inhibitions, by; MP. 
anabolites at the level of purine nucleotide synthesis 
(see Chapter I) would be expected to produce an immediate 
effect on cell multiplication. Therefore, it seemed 
likely at the outset of the present investigation that 
this type of mechanism was not responsible for the delayed 


GYTOtOxLC: Beaction Of MP. 


B. Materials and Methods 


lh) Chemicals 

MP hydrate was purchased from Sigma Chemical Co., 
St. Loui s,—a Mo.) Stock solutions, 0 BAMBI 2. =) 39mM)~ were, pre- 
pared by dissolving MP hydrate in sterile 0.9% NaCl solution. 
Initially, heating was used to effect total dissolution of 
MP and in experiments with mp-g-14c (Schwarz BioResearch 
Inc.3, Orangeburg, N.¥.) it was shown that. this) procedure 
resulted in approximately 1% decomposition of MP to hypo- 
xanthine. Therefore, alternative methods for preparing MP 


stock solutions were employed. In one method,MP hydrate 


was added to sterile 0.9% NaCl and dissolved by addition 
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of 1.2 equivalents of sodium hydroxide (final pH approxi- 
mately 10). Solutions were prepared in this manner 6 - 8 h 
be tenewuse ,estenulizedabyatiléirationethroughva stertie)0545 
um pore size Millipore filter (Millipore Filter Corp., Bed- 
ford, Mass.) and stored at -20° until requized.weStock 
solutions of MP (3 mM) were also prepared by dissolving 
MP hydrate in sterile twice concentrated Fischer's tissue 
culture medium (without horse serum and antibiotic supple- 
ments) at pH 8.4 - 8.9. These solutions were prepared 
6 - 8 h before use and were stored at 4° until required. 
There was no detectable decomposition of mp-g-14¢ in such 
solutions during storage at Agee far G3 days. However, approx- 
imately 10% of the MP reacted reversibly with a component 
of the medium; the addition of mercaptoethanol reversed 
this reaction in samples of the stock solution removed for 
concentration measurements by spectrophotometer. Mercapto- 
ethanol was also added to reduce MP disulfide inisamples 
Gi eMPastock+solutions, in 0. 9SsNaGl that werekremovedator 
concentration measurements. Samples of stock solutions 
were diluted x50 in 0.05 M potassium chloride-hydrochloric 
acid buffer, pH 2, containing 0.2% v/v mercaptoethanol and 
optical densities of the dilutions were measured at 323 nm 
ars eesieel0 a) 

TG was purchased from the Sigma Chemical Co., 


St. Louis, Mo., and stock solutions (1 mM) were prepared 
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in sterile 0.9% NaCl by heating or by addition of 1.2 - 

1.4 equivalents of sodium hydroxide. TG solutions pre- 
pared with sodium hydroxide were sterilized by filtration 
through a sterile 0.45 ym pore size Millipore filter. 
Solutions were prepared 6 - 8 h before use and were stored 
at -20° until required. Concentrations were determined by 
di luetng TEssolutvons=with HCl (withwon without 0.22 v/v 
mercaptoethanol) to a final concentration of 1 N HCl and 
measuring optical density at 345 nm (€ = 17.0 x Tone 
B-2'-Deoxythioguanosine was generously donated by Dr. G. 

A. LePage. Stock solutions of §-2'-deoxythioguanosine 

(200 40) Wwele prepared im) sterile QO .9t NaCl ar 37°. Con- 
centrations were determined by diluting §-2'-deoxythioguano- 
Sine solutions with 0.1 M sodium acetate buffer, pH 4.5, 
and measuring optical density at 341.5 nm (€ = 24.8 x Thee Ve 
Stock solutions of §-2'-deoxythioguanosine were stored at 
-20° until required. 6-Methylthioinosine was purchased from 
thes Sigma (Chemical, Co). .iSta lous, Mo. Stock selutions of 
6-methylthioinosine (100 uM) were prepared in sterile 0.9% 
NaCl at 25°. Concentrations were determined by measuring 
optical density of 6-methylthioinosine solutions at 292 nm 
(ES .c6 £4) x LOO)e. Stock solutions of 6-methylthioinosine 
were prepared 6 - 8 h before use and were stored at -20° 
until required. 5-Bromodeoxyuridine (P-L Biochemicals, 


Inc., Milwaukee, Wis.) was dissolved in sterile 0.9% NaCl 


ee ds Sta 


+ £.1 to netsbbbs ya a 
; sig aacisuloe OT stoke 
folsesshit yd fotllizese “ps | sbborb mudbow: t 
Yearly Sxoqitlih sel] 9104 my 2hc0 ai braze. Ha | 
y Berta omow fins 96u Stoted’ is - BU baxsqsng via¥ ipl te 12 
yo Ssnimrstsh aisw enok¥e+3aseno9 msiiiper Lisae beatin 
viv &8.0 soadsiw. so dtiw) on Watw enoloulos of phttwE2b 
bos [54 4 £.36 emizerstngoneo fenti, 6 of lonasosaguaesar:, 
Par x OTE = 4) mo BBE $6 yatensb Tatitgs puizdesom — 


2? .30 vd betenc’ Ylawotensp etsy an teonsugcitteeesG-"S<8 
snigonsuno tit yxoob+'s=4 To enclitpiod®, 25032 ‘sgt a 
«noo .°TE ss Poa 6e,.0 sifease ai _baxsgexa sisyw (My OOS) 


~onstipe titvxosb~'C=4 paitatip yd baakortsyeb siaw anoisevtneo. 
. 


' 


2.) Bo ,worigd $7563555 aiboa .0'09 iv enoitaioe oabe ; 
2t°6f.% Abs = 32am 2. Oke Ss ytiteesh fexsitgo oa | 
gs betes? Stow aa tabnedpanayacohe ss +o) enotzuios sooF 

mount Gseedotug saw pintebnc kag Eyitdatte8 beatepes lise oott 
36 e2agiduloe Asass Sor <a a ..-00 i465 lee smpka's as 
$®@:0 elixesa al 655 susTq/ ems “my a sqisonioldslydgs 
eeryvesom ve penis 230) wzeW 206 idedpisonos «°8S Sa’ 
ne S28 Fe enoity tea oR > to Ythansh f 
erbpoaiodss Luitont-g to, ene a sacse Jobe Bae 

a de berets rad afte 


41, 


at 37° and concentrations were determined by measuring 
optical density at 278 nm (e€ = 8.8 x aes Pies olLock 
solutions of 5-bromodeoxyuridine were stored at Sa 
until required. Ethyl methanesulfonate (Eastman Kodak 
Co., Rochester, N.Y.) was added directly to cell cul- 
GUuLGeES= 

mp-g-14c, specific activity 24 mCi/mmole was 
purchased from Schwarz BioResearch Inc., Orangeburg, N.Y. 
Bovine serum albumin (Sigma Chemical Co., St. Louis, Mo.) 
was used as a standard for protein determinations in 
cultures of L5178Y cells. Yeast ribonucleic acid (Cal- 
biochem, La Jolla, Calif.) was used to construct standard 
response curves for determination of RNA in cultures of 


L5178Y cells by the orcinol reaction. 


2. Cell Culture Procedures 

Mice bearing the L5178Y lymphoma were provided 
initially by Dr. G. A. Fischer, Brown University, Provi- 
dence, R.I. The lymphoma has been maintained in BDF, mice 
obtained from Microbiological Associates, Inc., Bethesda, 
Md., and University of Alberta Laboratory Animal Breeding 
Service by weekly i.p. transplantation of 10/ cells obtained 
from ascitic fluid. During the early part of this investi- 


gation each cell culture experiment was initiated with a 


separate inoculum of lymphoma cells obtained from ascitic 
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fluid of mice bearing the in vivo-passaged cell line. 
However, cells obtained in this manner varied in sensiti- 
Visty; topMpi in iculture..) In order to, ayoid) this: complication, 
an explant of the in vivo-passaged cell line was plated in 
soft agar medium (see below) and, after incubation at OT get 
for 10 days, a single cell colony was selected, established 
in culture, and stocks therefrom were maintained in frozen 
storage. Thus cloned, cells were removed from frozen stor- 
age and unless otherwise stated were passaged in culture 
for no more than six weeks; after this time fresh cultures 
were initiated from the frozen stock. 

Lymphoma cells were cultured at Cheater we ay stop- 
pered, stationary tubes (16 x 100 mm) containing 6 ml of 
Fischer's medium (60) (Grand Island Biological Co., Grand 
Island, N.Y.) supplemented with sodium bicarbonate 
(1.125 g/liter), 10%) horsesserum,+streptomycin, (100 g/ml) , 
anda penicilline (LOO; units/ml). When-larger, culture, volumes 
were required (for example, for cell. volume and RNA,deter- 
minations) , stoppered, soda glass bottles were used as 
culture vessels. 

Mice bearing the L1210 lymphocytic leukemia were 
provided’ by Dr. W. R. Laster, Jxr.,, Southern Research Insti- 
tute, Birmingham, Ala. The lymphocytic leukemia has been 
maintained in DBA/2 mice obtained from University of Alberta 
Laboratory Animal Breeding Service by weekily- di.p., trans: 


plantation of he cells obtained from ascitic fluid. A 
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line of L1210 cells was established in culture with an 
inoculum of lymphocytic leukemia cells obtained from ascitic 
fluid of mice bearing the in vivo-passaged cell line. 

These cells were cultured in Fischer's medium under con- 
ditions that were identical to those used for L5178Y cell 
culture. 

Unless otherwise stated, cell numbers were de- 
termined with a Coulter Model F electronic particle counter. 
In two experiments involving pulse MP exposures, intact 
lymphoma cells were recognized by their ability to exclude 
trypan blue stain (0.4% in Hanks' balanced salt solution). 
Nonstaining cells were counted in a hemocytometer at in- 
tervals throughout the experiments and cell counts 
determined in this manner were compared with those obtained 
by the Coulter counter. 

Exponentially proliferating L5178Y cells were 
treated with MP in the following manner. Appropriate 
Vorumes "OL stock solutions OL MP (2° =" 3 mM=in 0.9% Nacl 
solution or 3 mM in twice concentrated Fischer's medium) 
were added to cultures to achieve the MP concentrations 
specified; control cultures received identical volumes of 
0.9% NaCl solution or twice concentrated Fischer's medium. 
Cell densities did not exceed 100,000 cells/ml when MP 
was added. MP treatment was terminated by changing the 


medium; the cells were collected by centrifugation, washed 
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once in warm drug-free medium, and then resuspended in 
the latter. During subsequent incubation, exhaustion of 
the medium was avoided by diluting measured volumes of 
the untreated control cultures daily with fresh, warm 
medium; treated cultures were diluted once or twice during 
the period of abortive proliferation between removal of 
the drug and onset of the delayed cytotoxic reaction; 
further dilution was not necessary until the surviving 
population became appreciable. Cell densities reported 
in the figures are hypothetical values derived from 
actual cell counts’and’ cumulative dilution factors: 
Similar procedures were followed in demonstrating de- 
layed" cytotoxic’ reactions of°TG; p-2"-deoxythioguanosine, 


5-bromodeoxyuridine and ethyl methanesulfonate. 


3. Cell Volume Determinations 

A Coulter Model F electronic particle counter 
was used to monitor cell volume distributions. The counter 
was calibrated for volume determinations with a suspension 
of ragweed pollen grains of known dimensions (Hollister- 
Stier Laboratories, Spokane, Wash.). The pollen grains 
were-wetted with=2-— 3 drops of isopropanol, suspended Ln 
0.9% NaCl and allowed to equilibrate for 15 min. 

For determination of cell volume distributions, 
culture samples were diluted 20-fold with 0.9% NaCl and 


allowed to equilibrate for 15 min. Small changes in cell 
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volume occurred after dilution with saline, but these were 
essentially complete by 15 min...» Cell golume distributions 
were measured by counting cell suspensions at progressively 
higher pulse height threshold values. This procedure was 
repeated three times and the average cell count at each 
threshold value was used to define the distribution. 

Median cell volumes were determined by locating the thres- 


hold values which gave one half of the total cell counts. 


4. Protein Determinations 

Total cellular protein in L5178Y cell cultures 
was assayed by the procedure of Lowry et al. (116). Cells 
(l- 4x 10>) in 1 ml culture samples were washed with 
0.9% NaCl and dried; dried cell pellets were resuspended 
in alkaline tartrate/copper sulfate solution, incubated 
at 25° for 20 min, and then sampled for protein determin- 
ation. Bovine serum albumin was used to construct standard 
response curves for this procedure. The average cell con- 
tent of protein in normal, exponentially proliferating 


Cultures, was. 0-17 -. 0.23 ng protein/cell. 


5. RNA Determinations 

Total RNA in L5178Y cell cultures was estimated 
bysthe orcinol sreaction (160). §Celle sl 2x 10.) were 
washed with 0.9% NaCl at 4° and extracted with 1 ml cold 


10% trichloracetic acid. The acid insoluble material was 


aaotgudizs2th omitov fa, ontin 2 
¢iaviaestporg je édaraneqeve: fte> pats 
#Ew Stubso0tq aliT . Set ina ofc: 

fisoes 2s Jnuoz Liev = 
-meisediaseto sft at ae Te cs Rey Aa 
=pezrlt S03 patasool ya benigzsteb a1sw eemyioy ise malbsM 
gtnude (bop Isto) s+ 30 Zid sno svep nosh seautey Blod 


a 
scrieios fies Yetied akuaiedoxg asiviles Istot ~~ 49 


efits) © «©. (af) . le 4s Yiwod To siupssord ot yd beyeses eaw : 
noiw portasw s19w ealqmee siotivo Im 1 ft (Pan x 6 ~ 1) 

fiebrsqiued: o1ow atetisa Diso boish ,borxb bos 19h 8.0 
hetsdconi ,noidtufoe staifves teqqos\S4sIs1687 eniliedéis nt 


’ 

-nimreteb) nieto1g x02 balgnss. nent Sas ,akm 8S 208 °as as = 
busbnate tot1seaco of bse pares auxiBe saivos Ros 

+nco fie> spstseve sAT .sytbonoxg atdi x9) asviwo sanogaex - 


enisyexeti foxg: nxt fae , Lenrtoa St sistozg 20 dnat 


- /Tisa\nis a BA Fo0 '— CL. asa — 


46. 


washed three times with 2 ml portions of cold 10% trichlor- 
acetic acid, resuspended in 0.5 ml 1 N potassium hydroxide 
solution and incubated for 20 h at 37°. DNA and protein 
were then precipitated by the addition of 0.1 ml 6N 
hydrochlericeacidland? 0.58mi 53 trichloracetice acids fhe 
supernatant solution containing RNA breakdown products 

was removed and the precipitate was washed with 0.5 ml 5% 
trichloracetic acid. Supernatants were combined and the 
total volume adjusted to 2.0 ml by addition of 5% trichlor- 
acetic acid; samples of the solution were assayed by 
orcinol reaction (161). Yeast RNA was used to construct 


standard response curves for this procedure. 


6. Cloning Assay for Cell Survival 


iMersuiwving Cell fraction in MP-treated lolly ey 
cultures was estimated by a method which involved the 
ability of such cells to produce macroscopic colonies 
in soft agar medium. Measured numbers of cells were sus- 
pended in 20 ml Fischer's medium supplemented with 0.14% 
w/v Noble's Agar (Difco Laboratories, Detroit, Mich.) and 
containing 10% v/v horse serum (Grand Island Biological 
Co.), 10% v/v conditioned medium ("Spent" Fischer's medium 
obtained from 10-day cultures of L5178Y cells), strepto- 
Myeli (POU Vo/miyey and penzcidlin (l00-unzts7mi).” = o.0 mi 


volumes of the cell suspension were dispensed into tubes 
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(16 x 100 mm) which were then plugged with cotton and 
ineubated®at BS7<5°ainea 5% CO,-air atmosphere for 10 days. 
After incubation the contents of each tube were carefully 
poured into plastic petri plates (60 x 15 mm, Falcon 
Plastics, Los Angeles, Calif.) and macroscopic colonies 
were counted under a stereo microscope. Untreated control 
cells were suspended in soft agar medium at a density of 
20 cells/ml and produced 50 - 70 macroscopic colonies per 
tube. MP-treated L5178Y cells were "plated" at a density 


sufficient to produce 10 - 70 colonies per tube. 


‘ee Results 


Iet aChianacter rs bcs of the De layeducy CotoxmeyReacesongor 
6-Mercaptopurine 

The) delayeducytotoxics reaction of MPs walus- 
trated by the experiments of Figures 3 and 4. In the 
experiment of Figure 3, exponentially proliferating L5178Y 
cultures were exposed to various concentrations of MP 
(20 - 100 uM) for 13 h. "Medium change" indicates that 
the exposure to MP was terminated; cells were washed and 
resuspended in fresh, warm, drug-free medium at this time. 
Cells continued to divide during the period of exposure 
to MP and for approximately 24 h after the drug was re- 
moved. Further cell division (1 - 1.5 population doublings) 


occurred after MP exposure was terminated.» Cell 
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proliferation ceased approximately 24 h after the drug was 
removed and thereafter cells disintegrated. Repopulation 

of cultures by surviving cells occurred after a time interval 
which was dependent upon the concentration of MP to which 
the cultures were originally exposed. In the experiment of 
Figure 4, exponentially proliferating L5178Y cultures were 
exposeurto 25 MIMP for vVanLvous periods #or serme (0.3) — 25 1). 
MP-trecred cells were washed and resuspended at0 hi and 
Gflects Of MP exposure ‘on subsequent joroliferation were 
monitored in these cultures. Cells continued to divide 
during the periods of exposure to MP (data not shown) and 
further limited proliferation of the "doomed" cells was 
observed after the drug was removed. As in the experiment 
Of Figure 37, suraving cells eventually repopulated MP- 
treated cultures. It was apparent that the time taken 

for surviving cells to repopulate these cultures was also 
dependent upon the duration of the original exposure to 

MP4 Figure, 4)". 

The experiments of Figure 3 and Figure 4 indi- 
cated that L5178Y cells are capable of limited abortive 
proliferation after an ultimately lethal exposure to MP « 
This delayed cytotoxic reaction to MP exposure was most 
clearly demonstrated when cells were exposed to ME Ose a 
period (13h) that was slightly in excess of the normal 
doubling times (10 - 12 h) for cells in the exponential 


phase of culture growth. In some experiments, two abortive 
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Pigure 3. the effect on cultured L5178Y cello pro= 
liferation of exposure for a fixed interval (13 h) 
to various concentrations of MP. The drug was 
removed at 0 h and cell numbers are relative to 
those at -24 h. Concentrations of MP during expo- 
sure are indicated on the figure. All cultures 
were derived from the same explant of the in vivo 


passaged lymphoma. 
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Figure 4. The effect on cultured L5178Y cell prolifera- 
tion of exposure for various intervals to a fixed concen- 
tration (25 uM) of MP. The drug was removed at 0h and 
cell numbers are relative to those at this time. The 
durations of preceeding MP exposures are indicated on 

the figure. All cultures were derived from the same 
explant of the in vivo passaged lymphoma. 
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doublings "or sthe cell populations occurred artery MP expo; 
Sure linder (these conditions. Cells ‘surviving Mey exposure 
established proliferation rates which did not differ sig- 
nificantly from those of untreated controls (Figures 3 and 
4). In other words, the exponential portions of survivor 
growth curves (log cumulative cell number versus time) 
paralleled the exponential straight-line plots for the 
corresponding control cultures. The extent of the axial 
displacements of such curves from the control curves were 
relaredgto: beth the concentration of MP and the: duration 
Of MP exposures 

In the experiments of Figures 3 - 5, cell numbers 
were determined with a Coulter Counter, but in that of Figure 
5 cell numbers were also determined by hemocytometer. The 
latter experiment was designed to test the validity of the 
electronic counter in the assessment of cell numbers in 
drug-treated cultures. Cultured L5178Y cells were ex- 
posed to’ MP (50 uM) for 25 h and then washed and resuspended 
in drug-free medium. At various times, samples were 
removed for cell enumeration by the two methods. For 
hemocytometer counts, 0.1 ml of trypan blue solution 
was added to 0.5 ml of culture and the sample was incubated 
for 5 min at 25°. Both chambers of the hemocytometer were 
filled with this cell suspension and non-staining, intact 
cells were counted over the entire calibrated field in 


both chambers. It is apparent in Figure 5 that the two 
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Pigduress. iheareiiect of exposure’ CouMPs (50 iM) oneche 
proliteratiion Of scultured LS Weniicel etn Culsturesiwene 
treated for 25 hi with 50 UM MP, and cell numbers per 
ml of culture were measured by an electronic particle 
counter or by hemocytometer counts of cells that ex- 
cluded trypan blue. Measurements of median cell volume 
were made concurrently. Cell number determined by 
Coulter "counter? ‘o, treated 7 1@)j)‘control 2.9 Number jof 
nonstaining cells per ml: ou, treated; #, control. 
Median particle volume: A, treated; a, control. 
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methods of cell enumeration gave similar results for un- 
treated control cultures. For MP treated cultures, the 

two methods of enumeration agreed closely during both MP 
exposure and the period of limited proliferation which 
followed MP treatment; however, they diverged after cell 
division had stopped, evidently because trypan blue-staining 
cells and cell debris accounted for a substantial portion 

of the counts recorded by the electronic particle counter. 
Similar results were obtained for cells exposed for 13 h to 
50 UM or to 100 UM MP. It was concluded that the post- 
exposure proliferation was real and that the Coulter counter 
gave a valid estimate of cell numbers in MP-treated cultures 
during most of the period of abortive proliferation. 

Figure 5 shows that the median cell volume of 
MP-treated cells gradually increased after removal of the 
drug and was maximal at about the time that cell numbers 
began to decline. Microscopic examination of cell samples 
taken at this time showed that cells were large and non- 
Staining (trypan blue). Large cells with blebs and globu- 
lar cell fragments (many of which stained with trypan blue) 
became abundant in the cultures as cell disintegration pro- 
ceeded. Cell fragments registered by the electronic particle 
counter were responsible for the progressive decrease in 
the apparent median cell volume to values below those of 


econtroiecelisa (Figures). 
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AIT eulscures ‘treated with MP by the procedures 
described above contained cells destined to survive drug 
exposure. These surviving cells were able to produce 
Macroscopic cell colonies in soft agar medium. However, 
since cells doomed to die were capable of limited prolifer- 
ation after MP exposure, it was apparent that the plating 
Gfitieiency (25e., the ratio of number Of macroscopic 
colonies formed to number of cells originally plated) of 
MP=treated cultures would be approximately constant during 
the period of abortive proliferation. In the experiment 
of Figure 6, culture samples were transferred to soft agar 
medium at various intervals after 12 h exposure to 100 uM 
Mec Cow ee CULe 7a tol, cr lCCtwG meri is treatment. im coll 
proliferation). Cells were plated in sufficient numbers 
to produce 30 - 100 macroscopic colonies per tube and each 
point in Figure 6 represents the mean plating efficiency 
of 4-16 replicate tubes. During the period (0 - 31h, 
Figure 6) of abortive proliferation after MP was removed, 
theyphating yetficiencysokethe MP-treated culture increased 
fromi0 oiiyat Owl aloe Cel number tripled in 
theeMP-treated culture during sthis interval (Figure 7). 
When the “plating efficiency of the untreated control is 
compared with that of the MP-treated culture,it is apparent 
thakronlyeabeut Lt oisthe cells «in the Mpstreared culture 
were destined to survive at the time that the drug was 


removed. Therefore, cells doomed to die were mainly 
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Figure 6. Progressive changes in plating efficiency of 
Cubrured Lo ol/76Y cells alter 12° hvexpocure to MP. Cultures 
werestreatved for 1Z2ehewith, 100M MP; lat. 0 ceils were 
collected by centrifugation, washed and resuspended in 
fresh, warm, drug-free media. Samples of the cultures 
were removed at various intervals thereafter and cells 
were suspended in soft agar medium. After incubation 

at 37.5° for 10 days macroscopic cell colonies were 
counted. Plating efficiencies were calculated as the 
ratio of number of colonies produced to number of cells 
"plated". Mean plating efficiencies + S.D. (vertical 
bars) for 4 - 16 tubes are plotted against the times at 
which the cell samples were taken from cultures. o, MP- 
treated cells; @®, untreated control cells. Corresponding 
effects of this MP exposure on cell proliferation are 
presented in Figure 7. 
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Figure 7. The effect of 12 h exposure to 100 uM 
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MP on the proliferation of cultured GBo78 wsecel lc. 


These are data from the experiment of Figure 6. 
GF MP-treated cells; ®, untreated control cells. 
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responsible for; the,further,1.9,doublings,ofs the-cel 1 
population which occurred during the initial 49 h after 
MP was removed (Figure 7). The lower relative increase 
in plating efficiency compared with increase in cell number 
is compatible with this conclusion. Proliferation ceased 
inethe.~Me=treated culture after 49h and.cells lysed: 
Beyond 31 h, plating efficiency increased rapidly in the 
MP>Lreated culture (rigure, 6) andsplating,efficiencies 
comparable to those of the untreated control were observed 
by 145 h (data not shown). 

Increased cell volume was a characteristic of 
tile wde layed cy lOLoxiLecurespon se JtOeMP al ceeavigure 3) eelhis 
characteristic was investigated in greater detail by moni- 
Loring the set rectsuofL MP son the ydistributllon sot sceld wvolumes 
Ii, LoL 38% cell cultures. .sThe .volumesdistributionvof ~expen— 
entlally proliferating L51L/8y .cells in ‘control cultures 
was logarithmic normal. This type of distribution yields 
a straight line when the data are plotted on logarithmic 
probability graph paper. Rosenberg and Gregg (148) have 
used this type of representation to detect small changes 
in cell volume distribution and have referred to distribu- 
tion plots ,on logarithmic probability paper as ».volume 
Spectra". The volume spectra of MP-treated cells (13h, 
100 uM) were identical to those of control cells both 
during the period of MP-exposure and for as long as 14h 


after the drug was removed. Thereafter, the spectrum of 
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the treated cells shifted progressively to higher volumes 
and became biphasic (Figure 8, left, 26 h after termination 
of MP exposure) > the higher volume “portion of the plot 
remained parallel to the control cell line. The biphasic 
spectrum probably reflects the presence of 2 populations: 
One population in which cells are growing unusually large 
as a result of the delayed cytotoxic reaction (upper por- 
tion of curve, Figure 8, left) and the other population 

in which the delayed cytotoxic reaction has not commenced 
and which retains the untreated cell volume distribution 
(lower? portion fof/curve, Figure/s, Jde&t).9 The latter 
conclusion was derived from the observation that if the 
datamspecitying thewlower portion of the sMPp [treated cel 
volume spectrum (Figure 8, left) are processed indepen- 
dently of the remainder of the distribution, the resultant 
volume spectrum is superimposable upon that of untreated 
control cells. If the data specifying the upper portion 
of the MP-treated cell volume spectrum are processed in- 
dependently of the remainder of the distribution, the 
resultant volume spectrum is a straight line parallel to 
ther Control) distribution; buteshitted tol higherscell 
vyolumesk 9 In the’ experiment’ of Figure 8, cell debris. began 
to accumulate at 30 h after MP exposure and obscured mea-~ 
surement of the cell volume distribution of the remaining 
intact cells. The median cell volume increased to approx- 


imately 160% of the control value before the accumulation 
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Figure 8. Volume spectra of L5178Y cells following ex- 
posure (13 n)-to MP-(100 UM). The scale as jogarithmic-— 
probability. The numbers of cells with volumes less than 
Or equal to those specified along the abscissa, are ex- 
pressed as percentages of the total cell population. 
Treated cells (0); Control cells (@).. 
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of debris obscured the spectrum. At 75 h after MP exposure 
(Figure 8, right) the volume spectrum indicated that large 
cells and an appreciable amount of cell debris were pre- 
sent in) the MP-treated culture. 

Large cell formation may result from the condi- 
tion of "unbalanced growth" or, alternatively, through osmotic 
swelling of degenerating cells. Distinction between these 
possibilities can be made on the basis that the former pro- 
cess is characterized by accumulation of cell protein and 
RNA above normal levels. Accordingly, cell protein (Figure 
9) and RNA (Figure 11) were measured in L5178Y cell cultures 
ate Varlous@intervals" atter MPlexpesure sto determine which 
mechanism was operative. Figure 9 demonstrates that, in 
untreated cultures of the lymphoma cells, the relationship 
between cell numbers and the total cellular protein did 
not change with time; on the relative logarithmic scale 
used in this figure, growth curves’ for protein and cell 
number were superimposable. In contrast, the relationship 
between these parameters was not constant in cultures that 
had been treated with MP; these data indicate that the 
cellular protein content increased during expression of 
the delayed, cytotoxicity of) MP. 

Under regulary culture conditions» in; uatreated, cul 
tures of the lymphoma cells, the cell content of RNA was 


a) 
found to ‘vary over the range: 1.35 — 2.00 > 10 ug per cell. 
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RELATIVE UNITS 


1OTAL CELL 
PROTEIN Gril 
NUMBER 
0 (ORS 2 One 30 a0 One OU may Uae oO 
TIME (hours) 
Proure 9. The erfect Of exposure to MP “on protein con- 


tent of U5178Y “cells proliferating in Culture. ‘Cultures 
were treated for 13 h with 100 uM MP; at 0h, culture 
fluids were replaced with drug-free media. Total cellular 
protein and cell numbers were determined at the indicated 
times; data are expressed relative to their zero time 
Valueas” Treated Cells "d; "total protein, “oO P*cell number. 
Untreated control cells: #, total protein; @, cell number. 
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Figure 10. The relationship between cell population 
density and cell volume and RNA in normal, exponentially 
proliferating, L5178Y cell cultures. Mean cell volume and 
cellular RNA content were determined for cultures of 
different cell densities in which cells were prolifera- 
ting at the same exponential rate. For RNA determinations, 
samples containing 1.5 x 10’ cells were taken from cultures 
of different cell density, cells were collected by centri- 
fugation and washed with 0.9% NaCl. The RNA content of 
these cell samples was measured by orcinol reaction. e, 
Log;p9) mean, cell, volume: (cu, um) ,. right ordinates #, logig 
RNA per cell (ug x 10°), left ordinate. 
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MP 100 pM 


140% 
130% 
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NO% 
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90% CHANGE 


=10 0) 10 206 230406 507 OO 
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Pigure li,. ine effect “ol exposure to MP on the RNA 
content of L5178Y cells proliferating in culture. 
Cultures Were treated tor [£3 h with 100 UM MPs at 0h, 
culture fluids were replaced with drug-free media. 
Cellular RNA was determined at the indicated times; 
data are expressed as percentages of the values pre- 
dicted from the cell RNA regression equation of Figure 
100n the basis of the corresponding cell population 
densities. o, MP-treated cells; ®, untreated control 


cells. 
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The data of Figure 10 demonstrated that a relationship 

exists between cell RNA content and cell population den- 

sity which is independent of proliferation rate; these 

data were obtained with cultures which exhibited identical 
Gates 20 fiiorol feration o(i.e. ,~doub hing times were -tdentical) . 
Each point represents RNA determined in cell samples of 1.5 

x us! cells (approximately 15 mg wet weight) derived from 
cultures of different cell density. The decrease in RNA with 
increase in cell population density may be related to a sim- 
ilar decrease in cell volume (Figure 10). However, the de- 


crease in cell RNA was proportionately greater than the de- 
crease in cell volume in the range of culture cell densities 
CE aat4 Ox or cells/ml) chosen for drug experiments. There- 
fore, population density-related effects on cellular RNA re- 
presented a serious source of variability in determinations 
of drug effects on the cellular content of this nucleic acid. 
Further, wit wouldeseem) likely that,the, {condition {,of the 
culture medium was responsible for changes in cell RNA in 
untreated cultures of the lymphoma cells. Cell population 
density is a poor measure of this variable, since the 
medium condition will depend upon the time and the popu- 
lation density of the preceding culture dilution. However, 
in the absence of a more precise indicator, cell population 
density was used to correct RNA values for MP-treated 


cells. Figure 11 demonstrates the effect of MP exposure 
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(136h;,7100°UM)~on Celly RNA YGURNA values “per call aré'ex- 
pressed as percentages of the values predicted from the 
regression equation of the data of Figure 10 on the basis 
of actual cell population densities. Cellular RNA levels 
were similar’ for MP-treated cells! and untreated>-controls 
both during and for approximately 12 h after MP exposure 
(Figure 11). Beyond this stage, RNA increased signifi- 
GCantly*in®MP-cereated cells’and washmaximal@=at™ about 260h 
after@=MP*was=removed. “The increase in*cell” RNA “corres-— 
Pencedsco die increase =n? celli= volume an= tne MP-treared 
culture. These data indicate that the cellular RNA con- 
tent increased during expression of the delayed cytotoxic 
reaction Or MPs 

Thus, the increase in cell volume, characteristic 
of the delayed cytotoxic reaction of MP, was accompanied 
by parallel increases in cell RNA and protein and, there- 
FOre@™rC@ would?) avypear thidt=MP-treatedeceris grow large 
rather than swell osmotically and that the condition of 
"unbalanced growth" is responsible for this increase in 


cell volume. 


2. Delayed Cytotoxic Reactions Induced by Other Agents 


TG and 8-2'-deoxythioguanosine produced delayed 
cytotoxrc reactions in B5178Y*celi cultures, which were 


identical to those induced with MP. The delayed cytotoxic 
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reactions to $-2'-deoxythioguanosine and TG exposures 
(13 hh) are illustrated in the data of Figures 12) and! 13. 
ihe ertects) OF various concentrations (0.5! = 3.0 UM) of 
B-2'-deoxythioguanosine and TG (0.5 - 4.0 uM)are compared 
WLthethe errect of MP (13 h, 100 1M). [lt .is apparent that 
B-2'-deoxythioguanosine and TG induced delayed cytotoxic 
reactions when present at concentrations which were about 
0.01 times that required for a comparable effect with MP. 
ine detayed cytotoxic reactions OfeTGeand p-2¥edeoxyrnro— 
guanosine were characterized by cell volume increases 
Similar to those induced by MP. In a detailed investiga- 
tion of changes in cell volume distribution induced by 
TG vexpesure Al3 sh, 3. uM)s tenes volume Spectra of TG-treated 
cells were seen to alter in a similar manner to that ob- 
served, for MP-treatea ‘cells (K.. Horakova;, D2-M.3T1dd “and 
A. R. P. Paterson, unpublished results). At the time of 
the delayed cytotoxic reaction of TG, the volume spectrum 
of TG-treated cells was biphasic and,as with MP-treated 
Celis, the upper portion of the curve was parallel €o the 
untreated cell volume spectrum,but shifted to higher 
volumes (see Figure 8, left, for volume spectrum of MP- 
treated cells). 

5-Bromodeoxyuridine also produced delayed cyto- 
toxic reactions in L5178Y cell cultures. The delayed 


cytotoxic reaction to 5-bromodeoxyuridine exposure (Glee) 
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Figure 12. Comparison of the effects of MP and 


B-2'-deoxythioguanosine (TGdR) exposure on the 
proliferation of cultured L5L78Y célls. Cultures 
Werte GredreUeiOLen oe hewhethy MP LOOR iM eso (8 = 2. 
deoxythioguanosine®*(0.5-yM, 1.0 UM, 2.0 uM, 3.0 
uM) atv 0"N;, culture Tluids* were replaced with 
drug-free media. Concentrations of §-2'-deoxy- 
thioguanosine and MP during exposure are indicated 
on the figure. All cultures were prepared from 
the same parent culture at -27.5 h. 
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Figure 13. Comparison of the effects of MP and TG 
exposure on the proliferation of cultured L5178Y cells. 
Cultures were treated for 13 h with MP (100 uM) or TG 
(O45 8M) olan uM 2. OedIM. 4 sO. UM). A Oe hy Culture. of buds 
were replaced with drug-free media. Concentrations of 
MP and TG during exposure are indicated on the figure. 
All cultures were prepared from the same parent culture 


at -26 h. 
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us illustrated in the data of Figuresl40yMi@el cul tures 
exposed to 5-bromodeoxyuridine (50 - 100 uM) for 13h 
underwent further proliferation (1 - 1.5 doublings) after 
drug exposure was terminated. Cell proliferation ceased 

in the 5-bromodeoxyuridine-treated cultures at approxi- 
mately 22 h after the drug was removed and widespread cell 
lysis then occurred. Measurements of median cell volume 
were made throughout the experiment of Figure 14. At the 
end of the 13 h exposure period, cell volumes were ele- 
vated above control values in cultures treated with 75 uM 
and 100 uM 5-bromodeoxyuridine; cell volumes were the same 
as control values in cultures treated with 50 uM 5-bromo- 
deoxyuridine. In contrast to the delayed cytotoxic reaction 
Cote yeries,iclayed response to S-bromodeoxyuridine exposure 
was not characterized by an increase in cell volume (Figure 
14). At the time of the delayed cytotoxic effect, the 
median volume of cells previously exposed to 50 uM 5-bromo- 
deoxyuridine was the same as that of untreated control cells. 
Residual effects of the cell enlargements which occurred 
during drug exposure were probably responsible for slightly 
higher cell volumes in the cultures treated with 75 uM and 
100 uM 5-bromodeoxyuridine. The 5-bromodeoxyuridine- 
treated cells lysed without the preliminary increase in 
cell volume characteristic of the delayed cytotoxic reac- 


tienpot MP, TG and B-2'-deoxythioguanosine. 
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Figure 14. The effect of exposure to 5-bromodeoxyuridine 


(BUGR) on the proliferation of cultured L5178Y cells. 
Calrucesnwe temeneated. tom lon, with 50 UMS oom. and 100 

uM 5-bromodeoxyuridine; at 0 h culture fluids were replaced 
with drug-free media. Measurements of median cell volume 


were made throughout the experiment. Cumulative cell 
number (—————) , median cell volume (------ le —Concentra— 
tions of 5-bromodeoxyuridine during exposure: 50 UM (0); 
75 uM (A)> 100 UM (D0). ‘Untreated control cells (e)~ All 


cultures were prepared from the same parent culture at 
2 Oi. 
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5-Bromodeoxyuridine is a thymidine analog and 
high external concentrations of thymidine specifically 
inhibit DNA synthesis in cultured cells. This effect is 
apparently produced by elevated intracellular thymidine 
nucleotide pools which restrict the synthesis of deoxy- 
cytidine nucleotides required for DNA synthesis (128). 
Inhibition of DNA synthesis without parallel inhibitions 
of RNA and protein synthesis may result in the condition 
OL “Unbalanced grow . it is Jikely that: 5-bromodeoxy-— 
uridine mimics this effect of thymidine and that this is 


responsible for cell volume increases during drug exposure. 


Ethyl methanesulfonate elicited a delayed cyto- 
LOxi1G reaction an cultures of L5173Y cells.) Cell prolicer— 
ation continued during exposure (13 h) to ethyl methanesul- 
fonate (0.4 mg/ml culture) and a further doubling of the 
cell populations occurred after exposure was terminated. 
At the end of exposure, cell volumes were normal, but cell 
volume increased during the period of abortive proliferation 
after the drug was removed. The delayed cytotoxic reaction 
of ethyl methanesulfonate was characterized by increases in 
cell volume above normal values and in this respect was 
very similar to the delayed cytotoxic reactions induced 


by MP, TG and 8-2'-deoxythioguanosine. 
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Senecellesunyi val wCurvesstor 6-Mercaptopurine and Factors 
BEtec ting Cell Survival 


Surviving cells eventually repopulated MP-treated 
cultures and established exponential proliferation rates 
which did not differ significantly from those of untreated 
controls (see Figures 3 and 4). In other words, the expo- 
nential portions of the survivor growth curves (log cumu- 
lative cell number versus time) paralleled the exponential, 
plots for the corresponding control cultures. The displace- 
ment (measured in the ordinate direction) of the exponential 
portion of the survivor curve from the control plot was 
used as a measure of the fraction of cells that survived 
the drug treatment. In so doing, the simplifying assumption 
is made that the generation time of cells destined to sur- 
vive was unaltered during their recovery from drug exposure. 
This provides only a minimum estimate of the surviving 
fraction. The real circumstances are undoubtedly complex, 
and the true surviving fraction may well be larger. Similar 
assumptions have been used in estimating the fraction of 
tumor cell populations killed in vivo by chemotherapeutic 
treatment (157); the data yielded are qualitatively 
similar to those obtained by clonal methods (2,7).... The 
fraction of L5178Y lymphoma cells that survived MP treat- 
ment, as estimated by the above method, was dependent upon 


the duration of the exposure to MP and upon the 


Seseors-I4 

ade noi te192 Llowy 

bsseevsau 30 smods ia ate 

ones eit , ebro i di ens ieee wo | 
-wmss gol) eayies Hiworp vias etd to enolsiog 

. ig barmenoge ons boletisyse (ont mas zadnng Lie evizal 

-soefosib sat agaist iia festnos pnibaogdexctos ona 23 esol 


isisosoogas sit? to (noiddes th etsntbxo. eA at horperen). 2092" 
aéw dul Iditace ent: ox? Svivs Jovivine edt to noltxoq 


bsvivaye t2dz 4Died So-notdons3 aie io s1nRAom 8 eB beau 
noivqnuers enkyiifamte gis jmntob ce ‘nl .jaamteons ite 
“sue 0} Borgiaesb elias to wens ao eas. pane shen al 
«Siveogxs pil=b os cause: seis sas 
paivivive sit to Sienise omit 
» xSLquios (tbedsrinobaw, Sas) sonnet Ti 
ieliwie .rapitel ad Bia. | 
to dottos<? saz si 
ee a 


oe 


concentration of MP present during exposure. Estimates 

of minimal surviving fraction are plotted against the 
corresponding periods of exposure in Figure 15A. The data 
indicate that a constant fraction of tumor cells were 
killed during consecutive equal periods of exposure to a 
fixed concentration of MP. This response occurred over a 
logarithmic range of approximately 3 and at several concen- 
trations of MP. Kill kinetics of this sort have been des- 
cribed as empirically first order with respect to 
concentration of cells (169). In a separate experiment 

it was shown that MP concentrations in the medium did not 
decline appreciably during the period of cell treatment; 

a 60 uM medium concentration of mp-g-14¢ was not signifi- 
cantly reduced in a 25 h incubation during which cell den- 
sity increased from 100,000 to 370,000 cells/ml. 

Figure 15B presents dose-response data for a 
fixed period (13 h) of exposure to MP and demonstrates that 
the rate of cell kill was not first order with respect to 
the concentration of the drug. Successive equal increments 
in drug concentration contributed progressively .less sto the 
Overall tractional kil)... Oualitatively, similar results 
were obtained when surviving fractions were estimated from 
the ability of MP-treated cells to produce macroscopic cell 
colonies in soft agar medium (Figure 16). In the experiment 


of Figure 16, exponentially proliferating L51/78Y cells were 
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SURVIVING FRACTION 


ice 
ig 
ila 
104 
0 6 12 18 24 0 20 40 60 80 100 
EXPOSURE TIME (hours) CONCENTRATION OF MP (uM) 
Figure 15. A: Exposure-survival curves for L5178Y cells 
treated with MP. Surviving fractions are minimal values 
derived from exponential survivor growth curves. MP con- 


centrations: 0, 48 UM; 4, 77 UM; 0, 109 uM. Curves, data 
obtained with different explants of the in vivo-passaged 
lymphoma. B: Dose-survival curve for L5178Y cells exposed 
to MP. Duration of exposure was 13 h. Surviving fractions 
are minimal values derived from exponential survivor growth 
curves. All cultures were derived from the same explant 
of the in vivo-passaged lymphoma. 
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Figure 16. The effect of increasing concentrations of 
Meson cell survaval when e@xposure perlod) is constant. 
Cultured L5178Y cells were exposed to various concen- 
trations of MP (20 = 200 UM) for fixed intervals (13 h 
or 25 h) and then washed, resuspended in fresh drug-free 
medium and "plated" in soft agar medium. Macroscopic 
cell colonies were counted after 10 days incubation at 
37.5. These data are presented as mean surviving 
fraction +S.D. (vertical bars) calculated from the mean 
plating efficiency +S.D. of MP-treated cells (4 tubes) 
and the mean plating efficiency +S.D. of the correspon- 
ding untreated controls (4 tubes) for each MP concen- 
tration and exposure period. Proportionate standard 
deviations from the mean plating efficiency for corres- 
ponding MP treatments and controls were summed in this 
calculation. All cultures were derived from the same 
explant of the in vivo-passaged cell line. 
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exposed to, Varrous concentrations. of MPS (20 ee 00M). ror 
aetixed period of “Lime (13 hor 25 hn). ‘Drug exposure, was 
terminated by washing the cells in drug-free 

medium. Directly after resuspension, measured numbers of 
cells were plated in soft agar medium: jatter incubation. for 
10 days at Wace macroscopic colonies were enumerated and 
plating efficiencies were determined. Estimates of the 
surviving fraction in MP-exposed cultures were calculated 
by dividing the plating efficiency for such cells by the 
corresponding value for untreated control cells. It is 
apparent in the data of Figure 16 that for 13 h exposure 
the response of the lymphoma approached a maximal value as 
tie MP econcentracion was iIncreased,,and turener cell kilt 
was achieved only by increasing the length of the exposure 
period. This type of behaviour has been associated with 
agents that are toxic to cells only in a particular phase 
Gietie cell cycle (2/). “Cells that do mot pass -tharougn 

the sensitive phase of the cell cycle during drug exposure 
are spared the cytotoxic effects of even the highest concen- 
tration of the drug. As the exposure period is increased, 
progressively greater cell kill is achieved since more 
cells pass through the sensitive phase and incur lethal 
damage. In the case of MP, the situation may be more 
complicated than this. Paterson and Wang (138) have demon- 


strated that conversion to thioinosinate is a rate limiting 
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step in the cytotoxic action of MP Availability Of PREP 
is) apparently the limiting factor and agents such as 6- 
methylthioinosine, which produce elevated PRPP pools, sim- 
ultaneously increase the capacity of cells to anabolize 
MP, and in so doing, potentiate the cytotoxic activity of 
the drug (see Chapter I). The data of Figure :7Ademon- 
strate the potentiation of the delayed cytotoxic reaction 
of MP by 6-methylthioinosine. 6-Methylthioinosine was 
added to L5178Y cell cultures at concentrationswhich in- 
duced nor inhibi tions0..05 uM, 0.1 uM) om iless\than\ 203 
Mmhibi tron (0.2 uM) soft cell “proliferation® vater"( 1078). 
GaMechyithioinosine was\added ms he@before addition. of MP 
(LOO 1M) and was ipresent threughout the 13° h MPsexposure 
pericd. » MP and G-methylthioinosine were removed at the 
same time when cells were washed and resuspended in 
drug-free medium. On the basis of the displacement 

Of the survivor curves, lt list-apparent “that substantial 
increases in cell kill were achieved in cultures treated 
with the combination. Treatment with 6-methylthioinosine 
alone under these conditions did not elicit a delayed cyto- 
COmiCugr Gace lon, a. hiiLgner .concentration, (0.5. UMje or, 4— 
methylthioinosine inhibited cell proliferation rate by 66% 
during 13 h exposure, but this effect, was, reversed) completely 
when the drug was removed (see Figure 24, Chapter III). 
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10° | 
MP (100 4M) + 
MMPR (0.1 2M) 
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oe : nara a—O MMPR (0.2 M) 
MMPR 
[20011 @:20.upes 600+ wl00 aynd40ineel80 
TIME (hours) 
Proure 1/.. Potentiation Of dhe delayed cytotoxic reac- 


tion of MP in L5178Y cell cultures by simultaneous expo- 
sure to non-toxic concentrations of 6-methylthioinosine 
(MMPR). Cultures were treated with 6-methylthioinosine 
(a0 iM, OM, Ose uM) for 3. pelorito aadi tion of 
MP (100 uM) and throughout the 13 h period of MP expo- 
sure. Both agents were removed at 0 h when culture 
fluids were replaced with drug-free media. Effects of 
exposure to the combination on proliferation of cultured 
L5178Y cells are compared with the effect of 13 h expo- 
sure with 100 uM MP alone. Concentrations of drugs 
during exposure are indicated on the figure. All cultures 
were prepared from the same parent culture at -24 h. 
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it would seem that these limiting kill curves may partially 
reflect a saturation of hypoxanthine-guanine phosphoribosyl- 
transferase by MP. The data are still indicative of a 
mechanism of drug action involving a sensitive phase of the 
cell cycle. However, cells surviving at saturating concen- 
trations of MP are not necessarily cells that did not pass 
through a sensitive phase during drug exposure; some 
Survivors may be cells that were sublethally damaged 
during such a passage. Through stimulation of MP anabolism, 
6-methylthioinosine would be expected to increase the number 
ef cells killed as they passed through a MP=sensitive phase 
of their mitotic cycles. The time dependence of cell kill 
would indicate that cells may accumulate lethal damage in 
successive passages through a sensitive phase. The pos- 
tulate of a MP-sensitive phase was confirmed in experiments 
with L5178Y cell cultures that were synchronized for 
mitosis by sequential thymidine and colcemid arrest (see 
Chapter V). <A wave of mitosis occurred in such cultures 
when colcemid was removed and these cultures exhibited 
maximum sensitivity to MP (1.5 h exposure) during the third 
quarter or mid-S phase of the subsequent cell cycle. 
Cultured cells of mouse lymphocytic leukemia 11210 


also exhibited a delayed cytotoxic reaction to MP exposure 


s 20 avisepibaa OPES 

pity te ee6to oelsiense az VIC i 

afiocAda Saisentgae 46 onivivaue | BThes . 1a0swoH .3 a a : 
sepq foq bff G88s efiss wi fzeaeoven Joa axe Se to Baok 

SOE ;siveoqve punk Rabue panda. svivsenee a Be 

banemsi vitadtotdue S15 tena aliso sd yem w10v vie 

vei fodsarts w 3 75 Aotsatomkse. dpiosd? © ~SER ESAT, 5B dove pa xub 

zadunn on3 sipetont oF ‘Hososaxs od bijow sri eoniadity ‘3omn-2 

Seéig via fénse-IM & cnuotet wiinaca tala bef fis vias KS, 

fiti feo to  ponebaegsb) $miz SAT 2H oLtod im mieds30 

ai sontteb (afield ste Tumsos yom aliso teh Sdeoidnt biwow 

-eon oAT s+adedgy evigtense & dpuoids eevarseg ovis 20 : 

2tnomitooxs ni Bormttioo ew. nasi evisieibe-aM 4 to sz. : 

Ti cok inerionye aaeer sett asigtinuo ifes wevier : ti 

992), s582715 dime foa rons onbpimest isztnsopse yd et oo 

2euntipe tove at bersudS0 es Jo svawiA «1 (V tsd¢ 

bstidiaxs was aapis bre Bevomet sw ree tort om 

ba Fits ond parrab ees a ~ LY Dees \yssvislense | ea sm 

*a1ov3 eri ak he 162 laine tie 3hoe : 

OISL2 Tite ai ae nile — ie 


<a) ie 


80. 


(134 20m 200 UM) (Figure 18). Displacement’ of Survivor 
growth curves from untreated control cell growth curves 
indicated™a dose saturation of cell kill similar to that 
observed for L5178Y cells. However, saturation apparently 
occurred at higher surviving fractions than with L5178Y 
cells exposed for the same period of time. L5178Y cells 
and L1210 cells exhibited similar proliferation rates in 
culture and therefore the L1210 cells may have a lower 
Capacity than L5178Y for anabolism of MP or alternatively 
a greater ability to dephosphorylate 6-thioinosinate once 
formed. 

L5178Y cells in the stationary phase of culture 
Growth were considerably less sensitive to TG exposure 
(13°>hy 3 0M) or MP exposure (13 h, 100 iM) than were the same 
cells an thewexponentiral™piase of culture growth. “MP or 
tGowas added to Lolvesy cell cultures when cell mumbers had 
become static, following a period of exponential prolifer- 
ation. Exposure was terminated by washing and resuspending 
the cells at low population density in drug-free medium. 
Normal rates of exponential proliferation were estab- 
lished in untreated control cultures by 24 h after resus- 
pension .at low population density. Drug-treated cul- 
tures exhibited low levels of cell kill and surviving cells 
rapidly repopulated these cultures after resuspension at 


low population density. Viable cells in stationary phase 
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cultures may have a reduced capacity to anabolize MP and 
also many of the cells may not enter the MESsensrerve 
periodwer the celi cycle during exposure. 

L5178Y cell populations that survived exposure 
to MP were substantially less sensitive to further chal- 
lenge with the drug; this is exemplified in the data of 
Proure 19,7) in which it is seem thae cells which survived 
a 25 h exposure to 200 uM MP were less sensitive to 50 UM 
MP than were untreated cells from the same explant. It 
appears wnat che 25 h exposure to .200iM MP signiticancly 


enriched the population with resistant cells. 


D. Discussion 


Cultured mouse lymphoma L5178Y cells exhibited a 
délayed cytotoxic reaction to, brief exposure with MP. Cells 
continued to divide during the MP exposure period and a 
further 1 - 2 abortive doublings of the cell populations 
occurred after the drug was removed. In a time lapse mic- 
nophotographic study of cell division events following lethal 
MPexposure: (12a, 100 (mM) , 250 individual MP-treated) ceils 
were observed during the period of post-exposure prolifera- 
Cicne (A. AR .auP aiPecenson aac s Kim ano DM al OGL nD uUb— 
lished results). In agreement with the results described 


above; 90% of these 50 MP-treated cells underwent at least 
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O 10 20 30 40 50 60 70 80 90 100 IIO 120 
TIME (hours) 


Figure 19. Sensitivity of surviving lymphoma cells to 
further challenge with MP. Cells that survived treatment 
for 25 h with MP (200 uM) were exposed to MP (50 uM) for 

17 (4) and 22 (0) h. Untreated cells from the same explant 
(i.e., "parent" line) were cultured with MP (50°%IM)” for 
Caan. 2a Vet, was. Well. as, wa those MPs (@7 control) . 
Time in h is relative to the time the drug was added, and 
cell numbers are relative to those at -8 h. Arrows labeled 
17 and 22 h, termination of MP exposure periods. 
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one Giyisionwand 52% of the 50 “colonies” contained cells 
which underwent a second division before disintegrating. 

Pie delayed cytotoxic reaction to MPi was char- 
acterized by "unbalanced growth" in which cell volume, cell 
protein and cell RNA increased above normal values. Sub- 
sequently, cell division ceased and the enlarged cells 
lysed. The culture medium used in experiments with the 
lymphoma provided no content of purines and pyrimidines 
(apart from that which might be present in serum) and ac- 
cordingly, the lymphoma cells were entirely dependent upon 
their own capacity to synthesize these compounds. It might 
therefore be reasoned that these cells would be very sen- 
Sitive to inhibitions at the level of purine nucleotide 
synthesis (see Chapter I). However, this type of mechanism 
would be expected to produce an immediate effect on cell 
Musi placationiiehitects oft MPijat. the macromolecular, level 
would offer a more likely possibility to explain the delay 
insexpression of MP lethality.» Nevertheless, the occurrence 
of "unbalanced growth". as, ansintegral. part.of the, delayed 
reaction tndicates: thatyat-least, the gross capacity, for 
RNA and protein synthesis is not impaired at this time. 

They cytotoxic acti ony OfsMP, Onehs ly SNigced liseas 
apparently "“radiomimetic!.~since the effects of the drug 
are analogous to the effects of X-rays on cultured cells 
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death" defined by the characteristic that cells divide sev- 
eral times before death and undergo "giant" cell formation 


(10). The extension of the concept of mitotic death to chemo- 


therapeutic agents (65) is useful since a common type of 
biochemical mechanism may be involved. Outright cell 
death, called "interphase death" (10), may be possible by 
other mechanisms at much higher doses of these particular 
agents, but mitotic death is probably predominant when they 
are used in experimental or clinical cancer therapy (65). 
tGn B=2'-deoxythioguanosine; S=bromodeoxyurrdine 
and ethyl methanesulfonate were shown to elicit delayed 
CVtGtos Gearege trons tor mrtotic ‘deathisin 0h5 R7SY veel cul 
tures. TG and §-2'-deoxythioguanosine may be essentially 
different ways of presenting the same drug to a cell. The 
Gytotoxic effects of both «compounds tare thought tovmmesa@lt 
fromeencoqpora ion of TGyinto-imiermucleotide linkage am 
DNA (see xChapter I)j) aiConsistent withthe adearthat TG 
incorporatlon «ante: (DNA has: lethal «consequences: are *the 
experiments of Barranco and Humphrey (13) which showed that 
Gulcured, Chinese: hamstersovaryi celilisare? sensitive: to. 6-2'- 
deoxythioguanosine during the early and middle portions of 
the S-phase or DNA-synthetic period of the mitotic cycle. 
Similarly , there-dis: strong evidence: torsuggest’ that. incor= 
poration of 5-bromodeoxyuridine into DNA is responsible 


for the cytotoxic effects of this agent (36,69,96,113). 
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Ethyl methanesulfonate is a monofunctional al- 
kylating agent. Alkylation of DNA is generally considered 
to be the mechanism responsible for the cytotoxic action 
of alkylating agents. Kao and Puck (97) concluded that 
chromosomal aberrations rather than mutational events 
were the main factor involved in cell death induced by 
X-radiation and ethyl methanesulfonate. They presented 
data which indicated that specific single gene mutations 
do “not “contribute “appreciably to the killing of Chinese 
hamster cells since the probability of inducing single 
gene =mutations at’ any’ locus iseso "small." »"“Ascell would 
have to be heterozygous or hemizygous for approximately 
10° tO 12 recessive lethal genes, or would require an 
equal number of dominant lethal genes before single gene 
mutations could contribute to cell killing in a fashion 
approximating that of chromosomal aberrations". Another 
alkylating agent, dimethyl myleran, has also been shown to 
induce- mitotic death! in cultburesmofeLel7 Syece lsh (65). 

The similarity between the delayed cytotoxic 
reaction of MP and the delayed cytotoxic reactions of 
agents which are known to affect the integrity of DNA, 
suggests that reaction with or incorporation into DNA is 
involved in MP cytotoxicity. It is noteworthy that chromo- 
somal breaks and bizarre chromosomal rearrangements and 
structures were observed in MP-treated Chinese hamster 


ovary cells in culture (K. Horakova and A. Rs PP. Paterson, 
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unpublished results). 


Bs summary 


Pulse exposure to MP induced a delayed cytotoxic 
reaction in‘cultures’ of 'U5178Y"'cells*and in’ cultures’ of 
L1210 cells. Abortive proliferation occurred after lethal 
MP exposure and the delayed cytotoxic reaction was charac- 
terized by "unbalanced growth" in which cell volume, RNA 
and protein increased above normal values. Subsequently, 
division ceased and enlarged cells disintegrated. Similar 
delayed cytotoxic reactions were observed for IG, Ps2es 
deoxythioguanosine, and ethyl methanesulfonate. Pulse 
exposure to 5-bromodeoxyuridine induced a delayed cytotoxic 
effect in cultures of L5178Y cells, although 5-bromodeoxy- 
uridine-treated cells did not enlarge before disintegrating. 
The similarities suggested a mechanism of action for MP 


involving reaction with or incorporation into DNA. 
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IIIa) sTHIOPURINE EFFECTS ON CELLULAR NUCLEOTIDE POOLS 


AS -Introduction 


Evidence presented in Chapter II suggested that 
reaction with DNA or incorporation into DNA might be in- 
volved in the delayed cytotoxic reaction of MP. However, 
effects of MP on purine nucleotide synthesis (see Chapter 
I) could not be completely discounted. For this reason 
the effects#or briefeMP Exposure on purinesnucleotidespocel 
Sizes and the effects of brief purine starvation on cell 
Survival were investigated. Warnick and Paterson (178) 
measured cell survival and reductions of intracellular 
purine ribonucleotide pools in 6-methylthioinosine-treated 
L5178Y cell cultures. As part of the present work, per- 
turbations in cellular purine ribonucleotide pools induced 
by non-toxic 6-methylthioinosine treatment were compared 


with those induced by cytotoxic TG and MP exposures. 


B. Materials and Methods 


The preparationsof sdrugisolutionspanden5178Yecel1 
culture and drug exposure procedures are described in Chap- 
ter II, Sections B.1. and B.2. Cell volume determination 


is described in Chapter II, Section B.3. 
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1. Chemicals 

Thymidine was purchased from the Sigma Chemical 
Co., St. Louis, Mo. and solutions of thymidine (38 mM) in 
0.9% NaCl were sterilized by filtration through’ a sterile, 
0.45 umpore sizeMillipore filter (Millipore Filter Corp., 
Bedford, Mass.). Adenosine was purchased from Pabst Lab- 
oratories, Milwaukee, Wis. and inosine was supplied by 


Calbiochem, La Jolla, Calif. 


2. Preparation of Acid Extracts of Cultured L5178Y Cells 


Immediately before acid extraction, L5178Y cul- 
tures (approximately 120 ml containing 2 - 4 x hee. cells 
(or 0.02 - 0.04 ml of packed cells)) were sampled, and 
total cell number and median cell volume were determined. 
These parameters were used to calculate the total volume 
of tissue extracted; nucleotide concentrations were sub- 
sequently related to tissue volume rather than to cell 
number since cell volume increased during expression of 
the delayed cytotoxic reaction of MP and TG. Cultures 
at 37° were transferred to centrifuge bottles (140 
ml capacity, conical bottoms, Bellco Glass, Inc., Vineland, 
N.J.), cooled to 4° in ice, and the cells then collected 
by centrifugation. Cells from mp-8-+"c-treated cultures 
were washed twice with 100 ml portions of ice-cold Fischer's 


medium before extraction. It was found essential to cool 
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cultures before centrifugation, since extensive degradation 
of cellular nucleoside triphosphates occurred when cells 
were pelleted at CW ae? Percnloric™-actar (20. iv 42eew vy) 

was added to cell pellets (at 4°) and the precipitated 
material was suspended in the residual supernatant (approx- 
emately*O0s2*mi)? “The?suspension and a’ 0505 mi 94.22 w/v 
perenlorre-ac1d rinse~of the bottle "fip were transterred 

to a 12 ml conical centrifuge tube, allowed to stand for 

15 minutes at 4°C and then centrifuged. The supernatant 
was combined with a 0.1 ml 4.2% w/v perchloric acid wash 
of the precipitate and the extract was neutralized with 

7 N potassium hydroxide at 4°. Extracts were analyzed im- 
mediately or stored at -20° for no longer than 24 h before 


analysis. 


3. Nucleotide Determination in L5178Y Cell Extracts 
Nucleotide concentrations were determined in the 
acid extracts by anion exchange chromatography using a high 
pressure, liquid resin system and a Varian Aerograph LCS- 
1000 instrument, as described by Brown (6). Generally 
5e==10 Wot the extract were placed on “the column; “chere- 
fore the nucleotide content of about 5 - 10 x 1G cells 
(approximately 5 - 10 x ihe ml packed cells) was measured. 


The absorbance of the eluate at 254 nm was monitored contin- 


uously and transmitted to a pen recorder. Nucleotide 
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Goncentrations were calculated from peak areas in the 
absorbancy trace of the column effluent. Response factors 
for individual nucleotides were determined with standard 
solutions of the nucleotides. Peak areas were determined 
by planimeter, by cutting out and weighing Xerox copies of 
individual peaks or by measurement of peak height and width 
at half height. The three methods gave similar results. 
Eypreased as umoles/ml tissue, the intracellular 
content of ribonucleoside triphosphates in normal, expon- 
entially proliferating cultures of L5178Y cells were as 
follows: adenosine triphosphate, 2.5; guanosine triphos- 
phate, 0.8; uridine triphosphate, 1.0; cytidine triphosphate, 
0.6. The relative pool sizes of adenosine triphosphate, 
adenosine diphosphate and adenosine monophosphate were 
about 25:3:1, respectively. The relative pool sizes of 
guanosine triphosphate and guanosine diphosphate were ap- 
proximately 8:1. The following experiments suggested that 
these ratios were representative of the distribution of 
nucleotides within the three levels of phosphorylation in 
the proliferating cell. Cultured cells were collected by 
centrifugation at 37° and resuspended at high cell density 
(Bax 10’ cells/ml) in a small volume (9 ml) of fresh, warm 
Fischer's medium. The cell suspension was incubated with 
gentle shaking at 37° for 20 min. A 0.1 ml sample of the 


cell suspension was removed and returned to conventional 
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culture conditions whereupon these cells proliferated at 
their usual rate. The remainder of the cell suspension 
was extracted directly with perchloric acid without prior 
chilling or*ecentrrtugation“of-the celis® Grnelmetative 
amounts of adenosine mono-, di- and triphosphate, and 
guanosine di- and triphosphate in this extract were simi- 
lar to those in extracts where cultured cells were chilled 
and centrifuged before extraction. In another experiment, 
the medium was carefully syphoned out of vessels contain- 
ing exponentially proliferating cells, without disturbing 
the cell sediments. This operation was performed at 377 
and perchloric acid was added directly to the small amount 
of residual medium. The relative amounts of adenosine 
mono-, di- and triphosphate, and guanosine di- and tri- 
phosphate in these extracts were similar to those in 
extracts where cultured cells were chilled and collected 
by centrifugation before extraction. The foregoing results 
indicate that degradation of nucleoside triphosphates did 
not occur*during chilling and centrifugation of cells and 
the relative nucleotide concentrations in extracts of cells 
collected in this manner are probably representative of 


those in the proliferating cell. 
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Ce Results 


1. 6-Mercaptopurine Effect on Cellular Nucleotide Pools 
Although cultured L5178Y cells continued to pro- 


liferate during pulse exposures to cytotoxic concentrations 
of MP, increases in doubling times were observed (see Chap- 
terail) bigures .3,. 5,7 /and 19).«* This. “acute” effect of 
MP would appear to be more compatible with drug induced 
inhibitions of purine nucleotide synthesis (discussed in 
Chapter 1) than would the delayed cytotoxic action of MP. 
The experiment of Figure 20 indicated that inhibition of 
cell division by MP was not immediately lethal to these 
cells. Cell populations that had become static in the 
presence of-a-high coneentration~of MP} {200 1M) "(Figure 

20) remained so for 7 h and then, upon removal of the drug, 
resumed division. Figure 20, lower curve, shows changes 

in cell number that occurred between 0 and 25 h in the 
presence of 200 uM MP. Cell multiplication ceased 6 h 
after MP was added and cell numbers did not change signi- 
ficantly during the remaining 19 h of exposure. However, 
when the drug was removed at 6, 11 or 13 h, proliferation 
resumed. The delayed cytotoxic effects of MP were mani- 
fested in these cultures about 40 h after MP removal (data 
not shown). Cells did not resume proliferation after 25 h 


of MP exposure, but did increase in volume after the drug 
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Figure 20. Growth curves of L5178Y cultures exposed to 


MP for various intervals. MP (200 UM) was added at zero 
time), and icell mumbers: are relative to those vat -12.5 h. 
tie perrods on exposure to MP “are indicated, oO, created 
cells; ©, untreated controls. 
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was removed. Increased doubling times during exposure 
to lower concentrations of MP may represent minor mani- 
festations of this same effect. It would seem that 
different mechanisms were responsible for this acute 
inhibition of proliferation and for the delayed lethal 
activity of MP. .SAcutesinhibition o£ cellvdivisioen*in= 
duced by MP may result from inhibitions by MP anabolites 
at the level of purine nucleotide synthesis. In support 
of this conclusion was the observation that hypoxanthine 
(10 uM) or adenine (10 uM) partially alleviated the inhi- 
bition of cell proliferation when present in the medium 
to’ which cells were’ transferred after’ MP exposure: (K: 
Horakova and A. R. P. Paterson, unpublished observations). 
This effect was only observed during the early stage of 
abortive proliferation. The post-exposure cultivation 
of MP-treated cells in medium containing adenine or hypo- 
xanthine did not prevent the eventual onset of the delayed 
eytotoxic=reaction Of MPJo" Thus; = these purines did not 
reverse the cytotoxic effects of prior exposure to MP, 
but to a certain extent did relieve the inhibition of 
cell division during the early part of post-exposure 
proliferation. 

Cultured L5178Y cells were protected or par- 
tially protected against the delayed cytotoxic action of 


100 uM MP by simultaneous exposure (13 h) to MP and 20 UM 
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concentrations of any of the following physiological purine 
derivatives: hypoxanthine, inosine, guanosine, adenine and 
adenosine (K. Horakova and A. R. P. Paterson, unpublished 
observations). Guanine did not protect cells against the 
delayed cytotoxic reaction of MP. However, horse serum 
used in the culture medium contained a high guanase acti- 
vity which catalyzed the rapid hydrolysis of guanine to 

the poorly metabolized derivative, xanthine (J. F. Hender- 
son, personal communication). Protection against MP by 
these purine derivatives might suggest a lethal, drug- 
induced inhibition of purine ribonucleotide synthesis 

which was alleviated by anabolism of the purines added 

to the culture medium. However, conversion to 6-thioinosin- 
ate is the first step essential to the cytotoxic activity 
of MPL (sec, Chapter). and) also.appears tobe, a rate=14miting 
factors fore celia ki 1 (138.162. 17 7a( Sees Chaptcried dy £ 
Hypoxanthine-guanine phosphoribosyltransferase is the 

enzyme responsible for conversion of MP, hypoxanthine and 
guanine to nucleotides. Therefore,protection by hypoxan- 
thine could be the result of competition with MP for 

the phosphoribosyltransferase. The major route for 
anabolism of inosine and guanosine is probably by way 

of intracellular phosphorolysis to hypoxanthine and guanine; 
the latter would likely compete with MP for the phosphori- 


bosyltransferase. Cultured L5178Y cells readily deaminated 
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extracellular adenosine; paper chromatography of medium 
samples demonstrated that 1.5 mM adenosine was converted 


to inosine within 6.5 h by a suspension of 1.5 x ro 


cells/ 
ml. Hypoxanthine derived intracellularly from adenosine 
would probably compete with MP for hypoxanthine-guanine 
phosphoribosyltransferase. Paterson and coworkers have 
demonstrated that intracellular availability of PRPP is 
a rate-limiting factor affecting conversion of MP to 6- 
tiioinosinate (T36;7138,177). “PRPP is’ consumed ‘during 
anabolism of adenine and it is possible that adenine would 
inhibit phosphorylation of MP indirectly through compe- 
tition for available PRPP. Therefore, hypoxanthine, adenine, 
inosine, guanosine and adenosine may protect cells against 
Meat east varcramly by imhvoeting the formacton. oro 
thioinosinate. Further, intracellular purine nucleotide 
pools may be elevated when preformed purine derivatives 
are supplied exogenously (F. F. Snyder and J. F. Henderson, 
personal communication) and at increased concentrations, 
purine nucleotides may inhibit enzymes involved in "acti- 
vation" of MP beyond the initial stage of 6-thioinosinate 
formation. 

Acute and delayed effects of MP on cellular 
nucleotide pools were investigated in an attempt to estab- 
lish whether drug effects at the level of purine nucleotide 


synthesis bore any relation to the delayed cytotoxic 
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reaction of MP. No such relation was observed. In the 
experiment of Figure 21, cultured L5178Y cells were ex- 
posed for 13 h to 100 uM MP alone or in combination with 
thymidine at high concentration (1 mM). This concentra- 
tion of thymidine was expected to retard the passage of 
cells through the S-phase of the cell cycle and was also 
used in experiments where division of cultured L5178Y 
cells was synchronized by the method of sequential thymi- 
dine and colcemid arrest (A. R. P. Paterson, S. C. Kim 
and D. M. Tidd, unpublished results). Cell division was 
reduced by 35% in L5178Y cell cultures during 7 h exposure 
to 1 mM thymidine alone and proliferation ceased completely 
during 24 h exposure. At the end of the 13 h exposure 
period in the experiment of Figure 21 there was no signi- 
ficant difference in cell numbers for cultures treated 
with MP alone or MP in combination with thymidine. The 
reason for this is unclear. However, cells exposed to 
thymidine plus MP exhibited the characteristics of un- 
balanced growth induced by selective thymidine inhibition 
of DNA synthesis and the median volume of these cells was 
1,460 cu um when the 13 h exposure period was terminated. 
In contrast, the median volume (1,170 cu um) of cells 
exposed to MP alone did not differ significantly from the 
medians volume. (1,130) cul um) FOfthuntreated control icells 
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Figure 2). The effects of 13 h exposure to MP and MP 
plus thymidine (TdR) on the proliferation of cultured 
Bol7s: cells. “At 13 h, culture tlusds were replaced 
with drug-free media. Concentrations of agents during 
exposure are indicated on the figure. Arrows labeled 
EXTRACT indicate times at which acid extracts were pre- 
pared from cells in treated and untreated cultures. 
Intracellular nucleotide pool sizes were determined by 
chromatographic analysis of these extracts and are 
presented in Figure 23. 
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It 1S apparent in Figure 21 that simultaneous 
exposure to thymidine and MP partially protected cells 
against the delayed cytotoxic reaction of MP. Acid ex- 
tracts of cultures were prepared immediately prior to 
termination of drug treatment and 31 h later (at the time 
ofsthe delayed cytotoxic reaction of MP). “Analysis of 
these extracts demonstrated that thymidine did not affect 
MP-induced changes in purine nucleotide pools, suggesting 
that thymidine did not protect cells by inhibiting MP- 
anabolism. 

An acid-soluble profile of normal, expon- 
entially proliferating L5178Y cells is presented in Figure 
22. Drug-induced changes in the concentrations of adeno- 
Sine triphosphate and guanosine triphosphate were always 
accompanied by similar changes in the concentrations of 
the corresponding diphosphates. Variations in the concen- 
tration of uridine triphosphate were accompanied by approx- 
imately coordinate variations in the concentration of 
uridine diphosphate-sugar derivatives. Adenosine mono- 
phosphate, guanosine monophosphate, uridine monophosphate 
and uridine diphosphate comprised only small fractions 
of: the total ribonucleotide. pools, for-thesesbases.) Thus), 
variations in the pool sizes of uridine triphosphate, 
adenosine triphosphate or guanosine triphosphate were 
representative of gross changes in the total ribonucleotide 


pool for the corresponding base. 
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Figure 22. The acid-soluble profile of normal, exponentially 
PECM ferating LSR78Y tcellsis “Nucleotudes? inancactdtex tract 
of cultured cells were separated by anion-exchange chromato- 
graphy; presented is the absorbancy (254 nm) trace of the 
column effluent. The identity of the major components is 
indicated on the figure: NAD, nicotinamide adenine di- 
nucleotide; URPP-SUGAR, uridine diphosphate-sugar deriva- 
tives; ARPP, adenosine diphosphate; GRPP, guanosine diphos- 
phate; CRPPP, cytidine triphosphate; URPPP, uridine tri- 
phosphate; ARPPP, adenosine triphosphate; GRPPP, guanosine 
triphosphate. 
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The effects of treatments with MP and MP plus 
thymidine (Figure 21) on intracellular pools of uridine 
triphosphate, adenosine triphosphate and guanosine tri- 
phosphate are shown in Figure 23. In deriving the data 
of Figure 23, nucleotide pool sizes for drug-treated cells 
were measured as umoles/ml of tissue and are expressed as 
percentages of the pool sizes in untreated control cells. 
The abscissa in Figure 23 corresponds to the time scale 
of Figure 21. 13 h exposure to 100 uM MP alone had no 
Significant effect on the intracellular content of uridine 
triphosphate; in contrast, adenosine triphosphate was 
reduced by approximately 30% and the guanosine triphos- 
phate pool was 60% lower than that in untreated control 
cells. These effects are consistent with inhibitions that 
6-thioinosinate is known to exert on purine nucleotide 
synthesis (see Chapter I). However, in spite of these 
effects, the cells continued to proliferate, albeit at a 
reduced rate (see Figure 21) and when MP was removed, these 
cells regained normal amounts of adenosine triphosphate and 
guanosinep triphosphate? (Figure 23).8.At°44 hoesishwatiter MP 
was removed, cells treated with 100 UM MP alone were enlarged 
(median cell volume, 1,760 cu um) and dying (see Figure 
21) and yet they had normal pools of purine ribonucleotides 


(Figuren23)< -otThymidines(lomM)mpresentaduring) is 
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Figure 23. The effect of 13 h exposure to MP and MP 

plus thymidine (TdR) on the intracellular nucleotide pool 
Sizes of cultured L5178Y cells. At 13 h, Culture fluids 
were replaced with drug-free media. The corresponding 
effects on cell proliferation are presented in Figure 21. 
Acid extracts of cells in treated and untreated cultures 
were prepared at 13 h, before medium replacement, and 

at 44 h. Intracellular nucleotide pool sizes were deter- 
mined by chromatographic analysis of these extracts; 
nucleotide pool sizes in treated cells are presented as 
percentages of the values for untreated control cells. 
Concentration of agents during exposure: 100 UM MP, 
filled symbols; 100 uM MP plus 1 mM thymidine, open 
symbols. Nucleotides: adenosine triphosphate (aA); 
guanosine triphosphate (md); uridine triphosphate (@0). 
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exposure to 100 uM MP did not alter these effects of MP 

on cellular purine ribonucleotide pools; however, thymidine 
did partially protect the cells against the delayed cyto- 
toxic reaction of MP (see Figure 21). At 44 h the median 
cell volumes were: MP plus thymidine-treated cells, 1,420 
cu m7 untreated control cells? 137250 cu ims It would 
appear that thymidine did not inhibit conversion of MP 

to 6-thioinosinate, since it did not alleviate MP-induced 
reductions in cellular purine ribonucleotide content and, 
therefore, some other mechanism must be responsible for 
protecting cells sagainstenr™ cytotoxicity. in addition, 
Since thymidine-protected cells experienced the same 
reductions in purine ribonucleotide pools as unprotected 
cells, it is unlikely that the preceding period of purine 
starvation was responsible for the subsequent delayed 
cytotoxic ireaction™in “the Latter. mp-g-14¢ was used in 

the experiment of Figures 21 and 23. Radioactivity in 
acidvextracts! prepared at the end of the l3rh mp-g-14¢ 
exposure period corresponded to intracellular pools of 
acid soluble radioactivity equivalent to 0.109 umoles 
eiaD eed derivatives/ml tissue for cells treated with 
100 uM mp-8-74c alone, and 0.126 umolés/ml tissue for 
cells treated with 100 uM mp-8-74¢ - 1 mM thymidine. “31 h 


later; at ‘the ‘time of the delayed cytotoxic reaction of 


MP, the amount of acid soluble radioactivity remaining was 
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equivalent to 0.002 uwmoles/ml tissue for cells originally 
treated with mp-g-14¢ alone, and 0.001 umoles/ml of tissue 
for cells originally treated with mp-g-14¢ plus thymidine. 
Thus7eon kweli 22 Of the original intracellular con— 

14 


ent Of acide soluble C-labeled derivatives remained 


ab ehemitimerofmihel delayed ‘cytotoxi ci reacreions of MPY 


2p. Comparisons oh Bifects) On 6=Mercaptopun ne, 1o- (ni oguanine 
and 6-Methylthioinosine on Cellular Nucleotide Pools 


During a study of cellular nucleotide concentra- 
tions in 6-methylthioinosine-treated L5178Y cell cultures, 
Warnick and Paterson (178) demonstrated that 6-methylthio- 
inosine (0.1 uM) reduced intracellular purine ribonucleo- 
tide pools by 40% without affecting proliferation rates 
throughout a 6-day period. An 18 h exposure with 0.5 uM 
6-methylthioinosine reduced intracellular purine ribonu- 
cleotide content by about 70% and proliferation rates by 
about  0Sia-UThus wreatment,.did now affect -cell, viaebwlity 
as determined by formation of macroscopic cell colonies 
in drug-free,soft agar medium. Proliferation rates and 
purine ribonucleotide pools returned to normal values after 
culture sfluids-were ixeplaced..with drug-free media (C. T. 
Warnick and A. R. P. Paterson, unpublished observations) . 
In the present work, a similar experiment was conducted 


in which effects on cellular purine ribonucleotide pools 
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of 13 h exposure to 0.5 uM 6-methylthioinosine were com- 
pared with effects of 13 h exposure to cytotoxic concen- 
trations Of MPlor TG: 

The data of Figure 24 illustrate the effects of 
13 h exposure to MP, TG or 6-methylthioinosine on the 
proliferation of cultured L5178Y cells. During the drug- 
exposure period, cell proliferation was inhibited to a 


grearer extent by, 100 uM MP “than by 3 UM TG ncce data 


show that cells continued to proliferate for a limited 
period after MP or TG was removed and delayed cytotoxic 
reactions were observed. Cell proliferation was inhibited 
to the greatest extent during drug exposure in cultures 
treated with 0.5 uM 6-methylthioinosine; however, this 
inhibition was completely reversed by washing and resus- 
pending the cells in drug-free medium. Median cell volumes 
at the end of the 13 h drug exposure period and 30 h later 
were, respectively, 1,130 cu um and 1,630 cu um in MP- 
treated cultures; 1,130 cu Um and 920 cu um in 6-methyl-— 
thioinosine-treated cultures; 1,090 cu um and 1,840 cu um 
tne lG -Creaced cultures); 1,090 cu um and 91,090) cu’) tm in 


untreated control cultures. 
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In the experiment of Figure 24, acid extracts 
of untreated and treated cells were prepared immediately 
prior to removal of the drugs and 30 h after drug expo- 
sures were terminated; intracellular ribonucleotide pool 
sizes were determined by chromatographic analysis of these 
extracts. Drug-induced changes in cellular adenosine 
triphosphate and guanosine triphosphate pools are shown 
in Figures 25 and 26. Nucleotide pool sizes were mea- 
sured as uwmoles/ml tissue and are expressed as percentages 
of the values for untreated control cells. The abscissae 
of Figures 25 and 26 correspond to the time scale of 
Figure 24. Figure 25 compares the effects on cellular 
adenosine triphosphate and guanosine triphosphate pools 
Of 13 hv exposures with 100° uM MP “and 0.5 uM 6-methyl-— 
EN OinoOSsine ss Ihe er fects Of ME Were sim lag ticse 
observed in the experiment of Figure 23 (see above). An 
exposure zo? «U3 eheto 700) 7M MP reduced che tceliudar content 
of adenosine triphosphate by approximately 20%,whilst the 
content of guanosine triphosphate was over 60% lower than 
that observed in untreated control cells. Concentrations 
of these nucleotides increased after MP exposure was 


terminated and at 43 h, the time of the delayed cytotoxic 
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(per ml ) 


CONTROL 
MMPR 
0.5 uM 
Ware 
EXTRACT 
105 t EXTRACT 
| MEDIUM CHANGE 


CUMULATIVE CELL NUMBER 


DRUGS ADDED 


6) 24 48 Tia. 
TIME (hours) 


PrigQure 24, gylhe Gfrect “Of exposure, LO MP, 1G or so- 
methylthioinosine on the proliferation of cultured 
L5178Y cells. Cultures were treated for 13 h with 
LOGS UM MP) so) Me TG Or 0.5) UM 6-methylthioinosine; 

at 13 h, culture fluids were replaced with drug- 
free media. Concentrations of drugs during exposure 
are indicated on the figure. Arrows labeled EXTRACT 
indicate times at which acid extracts were prepared 
from cells in treated and untreated cultures. Intra- 
cellular nucleotide pool sizes were determined by 
chromatographic analysis of these extracts and are 
presented in Figures 25 and 26. 
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FYGuULess een tne “ettects of 13 hi exposure to Mevand 
6-methylthioinosine on the intracellular purine ribo- 
nucleotide pool sizes of cultured L5178Y cells. At 

13 h culture fluids were replaced with drug-free media. 
These are data from the experiment of Figure 24. Acid 
extracts of cells in treated and untreated cultures were 
prepared at 13 h, before medium replacement, and at 43 h. 
Intracellular nucleotide pool sizes were determined by 
chromatographic analysis of these extracts; nucleotide 
pool sizes in treated cells are presented as percentages 
of the values for untreated control cells. Concentration 
of drugs during exposure: 100 UM MP, filled symbols; 0.5 
uM 6-methylthioinosine, open symbols. Nucleotides: adeno- 
sine triphosphate (a4); guanosine triphosphate (mo). 
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Figure 26. The effects of 13 h exposure to MP and TG on 
the intracellular purine ribonucleotide pool sizes of 
cultured L5178Y cells. At 13 h culture fluids were re- 
placed with drug-free media. These are data from the 
experiment of Figure 24. Acid extracts of cells in 
treated and untreated cultures were prepared at 13h, 
before medium replacement, and at 43 h. Intracellular 
nucleotide pool sizes were determined by chromatographic 
analysis of these extracts; nucleotide pool sizes in 
treated cells are presented as percentages of the values 
for untreated control cells. Concentration of drugs 
during exposure: 100 uM MP, filled symbols; 3 uM TG, 
open symbols. Nucleotides: adenosine triphosphate 
(44); guanosine triphosphate (@Q). 
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reaction (see Figure 24), MP-treated cells had regained 
nearly normal pools of adenosine triphosphate and guano- 
Sine triphosphate. An exposure of 13 h to 0.5 uM 6-methyl- 
thioinosine reduced both the adenosine triphosphate and 
guanosine triphosphate pools by 70%. Coordinate changes 
in the amounts of adénosine triphosphate and guanosine 
triphosphate are consistent with a drug-induced inhibition 
of purine ribonucleotide synthesis de novo at an enzyme 
step prior to formation of inosine monophosphate. Reduc- 
tions in the intracellular concentrations of adenine and 
guanine ribonucleotides were probably responsible for 

the reduced rates of cell proliferation observed during 
exposure to 6-methylthioinosine (see Figure 24); concen- 
trations of these nucleotides increased after 6-methyl- 
thioinosine exposure was terminated (Figure 25) and the 
cell proliferation rate rapidly returned to that of un- 
treated control cultures (Figure 24). No delayed cytotoxic 
reaction was observed in 6-methylthioinosine-treated cul- 
tures and it was evident that cells were able to sustain 
limited periods of purine starvation without apparent 
effects on viability. Figure 26 compares the effects 

on cellular adenosine triphosphate and guanosine triphos- 


phate pools of 13 h exposures with 100 UM MP and 3 uM TG. 
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In contrast to MP, 3 uM TG had only slight effect on intra- 
cellular purine ribonucleotide pools, although both agents 
elicited delayed cytotoxic reactions (Figure 24). The data 
OF Figure 13, Chapter II, suggest that 3 uM TG 16 ultimately 
more toxic to cultured L5178Y cells than 100 uM MR 
Cultured L5178Y cells were protected or parti- 
ally protected against the delayed cytotoxic action of 3 
uM TG by Simultaneous exposure (13 h) to DG and: 20M con- 
centrations of any of the following physiological purine 
derivatives: hypoxanthine, inosine, adenosine and guano- 
Sine (K. Horakova and A. R. P. Paterson, unpublished 
observations). Adenine was not tested. It is evident 
from the above findings that these purine derivatives 
did not protect cells against TG by alleviating drug- 
induced inhibitions of purine nucleotide synthesis since 
such inhibitions were only minor. Inhibition of TG 
anabolism would seem to offer a more likely explanation 
for the protective effects of physiological purine deri- 
vatives. These purine derivatives also protected or 
partially protected cells against the delayed cytotoxic 
bedction On MP. Procection against MP by purine deriva- 
tives is discussed above in terms of possible inhibitions 
of MP anabolism. Competitive effects at the level of 
hypoxanthine-guanine phosphoribosyltransferase would also 


be applicable to TG,since this enzyme is responsible for 
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conversion of both MP and TG to nucleotides (see Chapter 
I). Formation of 6-thioguanylate would appear to be a 
rate-limiting step in the cytotoxic action of TGyandsERPP 
availability may be the rate-limiting factor involved 


Ck OES 


D. Discussion 


Inhibition of inosinate dehydrogenase by 6- 
thioinosinate (see Chapter I) may be partially responsible 
for the 60% reduction in the cellular guanine ribonucleo- 
tide pool, which occurred during exposure to MP. Reduc- 
tions of 20 - 30% in adenine ribonucleotides could 
reasonably result from inhibitions of adenylosuccinate 
synthetase, adenylosuccinate lyase and purine ribonucleo- 
tidé Synthesissdewnovo (See Chapters?) Inhibition oF 
purine ribonucleotide synthesis de novo may also contribute 
to the reduction in guanine ribonucleotides. It is 
apparent that the temporary reductions in pool sizes are 
not lethal; however, sustained reductions might well be 
fatal. Cells with reduced pools of purine ribonucleotides 
continued to proliferate and regained normal or near nor- 
mal pool sizes after MP was removed. The delayed cyto- 
toxic reaction of MP was observed in cells containing 


normal amounts of adenine and guanine ribonucleotides. 
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The effects of brief exposure to 6-methylthioinosine on 
cellular purine ribonucleotide pools provide further 
evidence that the degree of purine starvation was insuf- 
Proventecouc | ucieucytoctoxicuet fects.) Ltedceevident that 
cultured L5178Y cells are able to withstand short periods 
of purine starvation without apparent loss of viability. 

The delayed cytotoxic reaction of MP was appar- 
ently unrelated to inhibitory effects of drug anabolites 
at the level of purine ribonucleotide synthesis. A high 
concentration of thymidine present during exposure to 
ME Sdidwnotsattect MPp-induced, reductions mingcel lular purine 
ribonucleotide pools, but did afford protection against 
tohegdelavedicy.tocoxi1c) reaction. The efrects ser TGgexpo- 
sure established that inhibitions of purine ribonucleotide 
synthesis are not necessarily involved in the mechanism 
of a delayed cytotoxic reaction. Exposure to TG elicited 
a delayed cytotoxic reaction, but had only slight effect 
on cellular purine ribonucleotide pools. 

MP-induced reductions in cellular purine ribo- 
nucleotide concentrations may be responsible for increased 
cell doubling times observed in cultures during the period 
of drug-exposure. Adenine or hypoxanthine did not reverse 
the delayed cytotoxic reaction of prior exposure to MP. 
However, cells were protected against delayed thiopurine 


cytotoxicity when any of a number of physiological purine 
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derivatives were present in culture media during the period 
of drug exposure. Since inhibitions of purine ribonucleo- 
tide synthesis do not appear to be involved in the mechanisms 
of the delayed cytotoxic reactions of MPSanae [Gye Aes 

likely that the physiological purine derivatives or their 
metabolites protect cells either directly or indirectly 

by inhibiting the anabolism of MP and TG. 

Incorporation of TG into DNA appears to be cen- 
trally involved in the cytotoxic activity of this agent 
(see Chapter I). The similarity between the delayed cyto- 
toxic reaction of TG and that of MP, and the nature of the 
delayed cytotoxic reaction itself, suggested that effects 
at the macromolecular level were responsible for the cyto- 
LOxLCiLYy Of MP. Tt appeared likely thats IG certvacives, 
formed metabolically from MP” (sSee" Chapter 1),- are" respon— 
Sible ror the cytotoxic: activity Of MPie in Ulis were the 
case, the mechanisms of the delayed cytotoxic reactions 
of MP and TG would be identical. Consistent with this 
possibility was the observation that TG and B-2'-deoxy- 
thioguanosine elicited delayed cytotoxic reactions at 0.01 
times the concentration of MP required for a comparable 


effect (see Chapter II). 
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E. Summary 


Intracellular purine ribonucleotide pools were 
lowered in cultured L5178Y cells during exposure to MP. 
However, there was no relation between effects on purine 
ribonucleotide pool sizes and the delayed cytotoxic 
activity of MP. Thymidine present in culture medium 
during exposure to MP had no effect on MP-induced sreduc- 
tions in purine ribonucleotide pools, but partially pro- 
tected cells against the delayed cytotoxic reaction of 
MP. 

Exposure (to TG elicited ia delayed cy tocoxuc 
reaction an cultured U5l73Y cells, but nedvonly slight 
effects on cellular purine ribonucleotide pools. 

Adenine and guanine ribonucleotide pools were 
reduced during brief exposure to 6-methylthicinosine. 
6-Methylthioinosine inhibited cell division but apparently 
did not affect cell viability and the rate of cell proli- 
feration rapidly returned to that of untreated control 
cultures after 6-methylthioinosine was removed. 

MP-induced reductions in cellular purine ribo- 
nucleotide pools may be responsible for acute growth 
inhibitory effects observed in L5178Y cell cultures 
during exposure to MP. 


Adenine or hypoxanthine did not reverse the 
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delayed cytotoxic reaction of prior exposure to MP. 
However, physiological purine derivatives present in 
culture media during drug exposure, did protect or par- 
tially protect cells against the delayed cytotoxic 
activity of MP and TG. These purine derivatives and 
their metabolites may protect cells by inhibiting thio- 
purine anabolism. 

Intracellular pools of acid-soluble thiopurine 
derivatives, readily declined aterm MP exposure was 


terminated. 
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IV. INCORPORATION OF 6-MERCAPTOPURINE 


INTO NUCLEIC ACIDS 


A. Introduction 


inhibitory) effects, of .MP anabolites, ats thes level 

of purine nucleotide synthesis are apparently unrelated to 
thegdelayedg@cytotoxic activitysof MP (seen Chapeercgl1l).. 
Similarities between the delayed cytotoxic reactions of 
MP and of agents that are known to affect DNA, and the 
very nature of the delayed cytotoxic reaction itself, 
suggested that effects at the macromolecular level were 
responsiblestor|MP cytotoxicity, (see Ghaptcer ght): sgin 
adattion ,ethe simi larityebetweensthe sdelayedseftect fone 
andethat of 4a4100-—fold.,lower -econcentrEation rofeTGysuggested 
thatpthe cytotexic#activity of .MP was)mediated pbyviGseanas 
bolites, through their incorporation into DNA. 

The experiments described below established that 
MP is. incorporated as TG nucleosides into internucleotide 
Linkage of DNA and ®RNA ‘OE pcultured.L587 6¥acelis WiRAncorrela— 
tion was observed between the extent of incorporation of MP 


into nucleic acids and the delayed cytotoxic reaction of MP. 
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B. Materials and Methods 


1. Chemicals®and Enzymes 


mp-s?° (20 - 35 mCi/mmole) was purchased from 


Amersham/Searle Corp, -LOronto, Ont sso lrttons. of mp-s>> 
CSM eo rae OreX 107 cpm/umole) were prepared 6 - 8h 
before use in sterile twice-concentrated Fischer's medium, 
pH 8.4 - 8.9 (without horse serum or antibiotic supplements) 
and were stored at 4° until required. Mycophenolic acid 
was a gift from T. J. Franklin, Imperial Chemical Indus- 
tries, Ltd., Maccelesfield, Cheshire, England. Solutions 
of mycophenolic acid (6mM) were prepared in Fischer's 
medium by addition of one equivalent of sodium bicarbonate. 
6-Thioinosine and 6-thioguanosine were supplied by Drug 
Research and Development, National Cancer Institute, 
Bethesda Md.; 6-thioinosinate and 6-thioxanthine were pur- 
chased from Sigma Chemical Co., St. Louis, Mo. Yeast RNA 
(Calbiochem, ba Jolla, Calrefa) and “calf thymus DNA” (Worth= 
ington Biochemical Corp., Freehold, N.J.) solutions were 
used as standards for determination Of RNA and DNA by 
absorbancy measurements at 260 nm. 

Deoxyribonuclease I (DNase I) from bovine pan- 
creas, crude Crotalus adamanteus venom, 5'-nucleotidase 
and phosphodiesterase from Crotalus adamanteus venom, 


crystalline purine nucleoside phosphorylase from 
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calf spleen and 3'-nucleotidase from rye grass were pur- 
chased from Sigma Chemical Co. Micrococcal nuclease from 
Staphylococcus aureus and phosphodiesterase from bovine 
spleen were purchased from Worthington Biochemical Corp. 


2. Mass Cultures of L5178Y Cells and their Exposure 


to 6-Mercaptopurine-S>> 


Pives-sten.2509mi cultures. ef ES syicells in 
stoppered, 700 ml serum bottles were incubated at a7e 5° 
in a water bath placed in a laminar flow clean work sta- 
tion (Edgegard Hood, The Baker Company Inc., Biddeford, 
Maine) which produced a horizontal flow of sterile air 
over the work surface. When the cell density in these 
cultures was 200,000 cells/ml, the stoppers were removed 
to allow carbon dioxide to diffuse out of the culture 
medium. This procedure prevented the culture medium from 
becoming acidic. Cells proliferated exponentially at 
their usual rate up to densities of about 700,000 
cells/ml. The culture procedure was capable of providing 
Lee Log exponentially proliferating cells or approxi- 
mately 1). 75«ml-ofszpacked.cells. 

Exposures (13 h) to 100 uM mp-s?° beganeat cell 
densities,of 2 =,2.5 x 10° cells/ml .~,sAGUtesInhibigbory 
effects of MP resulted in small increases in cell doubling 


times during the MP exposure period and the ten 250 ml 
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cultures contained a total of approximately 10° cells 
at*the end of the 13 h treatment interval. After 13 h 
exposure, cells from 10 ml culture samples were collected 
by centrifugation, washed and resuspended in 40 ml por- 
tions of drug-free medium for demonstration of the 
delayed cytotoxic reaction to MP. The remainder of the 
MP-treated cultures was dispensed into pre-cooled cen- 
trifuge bottles and chilled in ice. Cells were collected 
by centrifugation, pooled and washed three times with 

100 ml 0.9% NaCl at 4°. The final cell pellets were 


stored at -20° for subsequent isolation of nucleic acids. 


3. Isolation of DNA and RNA 

Total DNA and RNA were isolated from cultured 
L5P78Y cells by a modrfication ‘of "the procedure wi "Cald-= 
well and Henderson (32). 

(a), RNA. After the second precipitation of RNA with 
cetyltrimethylammonium bromide (CTMA bromide), the CTMA- 
RNA precipitates were washed with ethanolic sodium acetate 
and the final pellets, which consisted of RNA free of 
soluble nucleotides, were dissolved in 1.0 ml of water. 

(b). DNA. Phenol layers containing nucleoprotein were 


mixed with 1.0 ml of sodium citrate solution (0.2 M, in 
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5 M NaCl) and 4.0 ml of 0.7 M sodium dodecyl sulfate; 

the mixtures were shaken mechanically for 10 minutes and 
then centrifuged. Aqueous layers plus interphase layers 
were removed and mixed with 1.0 ml of sodium citrate solu- 
tion, 4.0 ml of 8.7 mM sodium dodecyl sulfate, and 4.5 ml 


of fresh 90% phenol solution. The mixtures were shaken 


mechanically for 10 minutes and then centrifuged. The 
viscous aqueous layers were removed and lower layers were 
re-extracted with 1.0 ml of sodium citrate solution plus 
4.0 ml of 8.7 mM sodium dodecyl sulfate. Aqueous layers 
were combined and extracted four times with ether. Ether 
was removed with a stream of air; the solutions were mixed 
with equal volumes of ethanol and centrifuged immediately 
to collect the fibrous DNA precipitates. Precipitates 
were washed three times with ethanolic sodium acetate 
solution and dissolved in 0.5 ml of water. 

Samples of DNA and RNA solutions were diluted 
300-fold for absorbancy measurements at 260 nm. Yields 
were calculated on the basis of absorbancy values 
for standard yeast RNA and calf thymus DNA solutions. 
Specific sactivities of s?°-1abeled nucleic acids were 
measured by liquid scintillation counting. DNA solutions 
contained approximately 12 mg DNA/ml and RNA solutions 
contained approximately 10 mg RNA/ml. These solutions 


were stored at -20° for subsequent enzymatic degradation. 
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4, Enzymatic Digestion of DNA and RNA 
(a). Digestion to Nucleosides. RNA was hydrolyzed 


to ribonucleosides and inorganic phosphate by digestion 
with crude rattlesnake venom, and DNA was hydrolyzed to 
deoxyribonucleosides and inorganic phosphate by digestion 
with pancreatic deoxyribonuclease (DNase I) plus crude 
rattlesnake venom (39). 

(i). RNA. Snake venom solution (0.125 ml, 
10 mg dried venom/ml) in 0.2 M borate buffer, pH 8.5, 
containing 0.02 M magnesium chloride and 0.02% v/v mercap- 
toethanol, was added to 0.125 ml portions of RNA solutions 
(approximately 10 mg RNA/ml). The mixtures were incubated 
at 37. for 20 h to effect complete digestion of RNA. 

(ii) 2 DNA. "DNase Lf solucion (02025 imi 2,000 
ROntez unite DNase i/ml) in 085 M Tris’ butter, “po 7 ;ewas 
added to 0.1 ml portions of DNA solutions (approximately 
12 mg DNA/ml) and the mixtures were incubated at 37° for 
lh. Snake venom solution (0.125 ml, 4 mg dried venom/ml1) 
containing 0.01% v/v mercaptoethanol was added and the 
mixtures were incubated at 37° for a further 17 h. 


(hiv). Protection against Okldalloneoe Cidonul ine 


gs? The concentrations of mercaptoethanol present in 


digestion mixtures were insufficient to prevent oxi- 


oe 


dation of S~~=-labeled TG nucleosides released from 
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nucleic acids during the periods of incubation at eh he 
(Doerr Steals, (47) ,-haveadiscussed,thesoxidation of 
thiopurines in dilute solution). Oxidation occurred to 
the extent of 30 - 40% during digestion of DNA and to 

50 =f60% duringesdigestion,of. RNA.) oThissdmtticulty, could 
not be overcome by increasing the concentration of mer- 
captoethanol since higher concentrations were inhibitory 
to the phosphodiesterase present in snake venom. However, 
See-iabeled TG nucleosides released during enzyme degrad- 
ation of DNA and RNA were largely protected against 
oxidation when digestion mixtures contained 1.5 mM 8-2'- 
deoxythioguanosine and 6-thioguanosine, respectively. 

(pb) Selective Acid Hydrolysis, of; Purine; Deoxyribonu- 
cleosides. Purine deoxyribonucleosides are considerably 
more sensitive to acid hydrolytic cleavage of the glyco- 
sidic bond than are the corresponding ribonucleosides. 
This property was used as a criterion for characterization 


She. 


of S”~~-labeled TG nucleosides in hydrolyzates of DNA and 


RNA. 


Venom digestions of RNA and DNA were conducted 
in the presence of 1.5 mM 6-thioguanosine and 1.5 mM. B-2'- 
deoxythioguanosine, respectively; when complete, 0.04 ml 
of 6 N hydrochloric acid was added to 0.1 ml samples of 
the hydrolyzates and the acidified mixtures were incu- 


bated at 25° for 40 min and then neutralized. This 
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treatment resulted in the quantitative hydrolysis of 
purine deoxyribonucleosides in DNA digests to the respec- 
tive bases, but had no effect on purine ribonucleosides 
in RNA digests. 

(c). Cleavage with Purine Nucleoside Phosphorylase. 
Guanosine, 6-thioguanosine, deoxyguanosine and B-2'- 
deoxythioguanosine present in enzyme hydrolyzates of RNA 
and DNA were converted to their respective bases with 
crystalline purine nucleoside phosphorylase by a modifi- 
cation of the procedure of LePage (107); 0.025 ml of 0.5 M 
sodium arsenate-1.0 M sodium acetate buffer solution, 
pH 6.5, and 1.4 units of purine nucleoside phosphorylase 
in 3.2 M ammonium sulfate (2 mg protein/ml, 28 units/mg 
protein) were added to 0.05 ml samples of venom digests 
of RNA and DNA and the mixtures were incubated at 37° 
for 60 min. 

(d). Deamination by Nitrous Acid. Treatment with 
nitrous acid at 25° results in the replacement of some 
primary aromatic amino groups by hydroxyl groups. This 
process was used as a diagnostic procedure for identi- 
fication of primary amino substituents. Nucleic acids 
were degraded with venom and purine nucleoside phosphory- 
lase and 0.05 ml samples of the digests were treated with 
GC-Ul'mlL- ot 12 N Hydrochloric acid. ‘Ihe protein precip.- 


tates were removed by centrifugation and 0.01 ml of 0.2 M 
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sodium nitrite was added to the Supernatant solutions. 
The mixtures were incubated at 5 fOr 5/401 ana chen 


neutralized. This procedure converted authentic iG to 
G-tlrvoxanthnine, 

(e). Digestion of RNA_and DNA to 3'-Nucleotides. RNA 
and DNA were hydrolyzed to 3'-nucleotides by digestion 
with micrococcal nuclease plus spleen phosphodiesterase 
(95). 

(i). RNA and DNA. Micrococcal nuclease solu- 
Eron (0k 0O25sm15 25 000 units) (Worthington B1ochenical ‘Corp.)) 
/ml) in 20 mM Tris buffer, pH 8.6, containing 10 mM cal- 
cium chloride was added to 0.1 ml samples of RNA or DNA 
solutions (approximately 10 mg RNA/ml or 12 mg DNA/ml1). 
The mixtures were incubated at 37° for 2 h and 0.02 ml 
of 0.5 M sodium succinate-hydrochloric acid buffer, pH 
6.5, and 0.025 ml of bovine spleen phosphodiesterase solu- 
tion (29 units/ml) in water were added. The mixtures were 
incubated at 37° for 1 h and then a further 0.025 ml of 
the phosphodiesterase solution was added. Incubation at 
37° was continued for a further 1 h and a final 0.025 ml 
of the phosphodiesterase solution was added. The digestion 
mixtures were incubated for a final 1 h at 37° to give a 
total phosphodiesterase incubation time of 3 h. This pro- 
cedure resulted in complete digestion of DNA or RNA to 


3'-nucleotides. 
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(ii a Oxidation of thiopurine-s>>. eee nucleo- 


tides released from nucleic acids by digestion with spleen 
phosphodiesterase were apparently much less sensitive to 
oxidation during incubation at 37° without carrier, than 
were the corresponding nucleosides in crude venom digestion 
mixtures. Nucleic acid hydrolyzates were stored at -20° 
for subsequent characterization of TG nucleotides by their 
susceptibility to hydrolysis catalyzed by 3'- or 5'- 
nucleotidase. 

(£). Digestion of RNA and DNA to 5'-Nucleotides. RNA 
was hydrolyzed to 5'-ribonucleotides by incubation with phos- 
phodiesterase from Crotalus adamanteus venom and DNA was 
hydrolyzed to 5'-deoxyribonucleotides by incubation with 


DNase I plus venom phosphodiesterase. 


(i)).« RNA.» ,Venom phosphodiesterase solution 

(0-3 L2 5 mienvl. 4eunits/mL)iin ~0s2 M borate bucten) «oh v3.45) 
containing 0.02 M magnesium chloride, was added to 0.125 
ml of RNA solutions (approximately 10 mg RNA/ml1). The 
mixtures were incubated at 37° for 20 h to effect complete 
digestion of RNA. 

( distor (DNA. ay DNaseiged solution,46Q4025 mlsy. 12.0100 
Kunatz fund ts DNase. .lb/mL), inj0 a5) Milris) butter; spiiei,, was 
added to 0.1 ml of DNA solutions (approximately 12 mg 
DNA/ml) and the mixtures were incubated at 27 fore leh. 
Venom phosphodiesterase solution (0.125 ml, 0.54 units/ 


ml) was added and the mixtures were incubated at 37° for 


ast .zeivies seodziw "CE 36 woitsdvant pnixub aclighixe = 
nochange bey i AP Awena Meanemles oP ES 
"96- 45 Borate ciow esgenylonbyl bios oteioeK .xenudxim , 
rfads yd eshisoslzin BY 20° aoktastzessesero. dnsupesdue.tok 
-"Peoye ~'e yd hesytaau eteylowbyt as ysilidisgesene . 
| -seabitosioun ; 
5¢ AMG) bom AMA To. ne MQ «this of 
sebisdedsgnodis-/ 207 besylorbyd @aw 
26w EK Pro money sestaemebs: anissoi9 moxt aastetesibodg 
datw nokisdyont yi Sebsaopfounctiaytesh-' 2 o@ besylorbya 
Seetetesiboiasedg masev eviq Tppesid. ~~ 
sous uihe Seatetesiondgzoly mo nal A 1h), 5 COG 
2.8 HG y3sted aero SO me (imedteu Dt , tm ESESOY 9 : 
2$i.0 ot BSbbe caw  sbexohils mabeenpam M 20.0 entatesnoo = © 
at? .(lo\aty gor BF xdsnamtsozggs? eroisiios AVM 20. Lo 
atalqnep s3ptte. o2 «th 0S aet “CE Je Gedudyrel ataw asinteim 


AM 20 soktwepeb 


AA ‘ seiia af. f 


MOL 2 : 


-so85 ditw ooiaaduond yd 


12 O%. 


Veniecthe my5 th. 

(iii). Oxidation of thiopurine-s?°. m1TG-s?° 
nucleotides released from nucleic acids by digestion with 
venom phosphodiesterase were apparently much less sensi- 
tive to oxidation during incubation at 37° without Carrier, 
than were the corresponding nucleosides in crude venom 
digestion mixtures. Nucleic acid hydrolyzates were 
stored at -20° for subsequent characterization of TG 
nucleotides by their susceptibility to hydrolysis cata- 


lyzed by 3'- or 5'-nucleotidase. 


ioe Selective Hydrolysts.ofi3)-Nucleorides with 
3'-Nucleotidase. Phosphodiesterase hydrolyzates of RNA 
were treated with 3'-nucleotidase from rye grass in order 


to characterize the 53 


~LabeledatGinucleetides Sarvecuqrass 
3'-nucleotidase solution (0.1 ml, 2 units/ml) in 0.3 M 
Tris. buLLer, spiel, containing O:Le,.v/vsmeneaptoethanol , 
was added to 0.1 ml samples of phosphodiesterase hydro- 
lyzates of RNA. Mixtures were incubated at 27 efor a 
maximum period of 1h. Samples were transferred to ice- 
cooled tubes at various intervals during the incubations 
and 40 yl portions of these were immediately applied to 
paper for chromatography, being placed directly upon 
6-thioguanosine carrier spots. The kinetics of hydrolysis 


35 


o£ IG ribonucleotides were determined from S radioac- 


tivity which co-chromatographed with the 6-thioguanosine 
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spots. Nucleotides in spleen phosphodiesterase hydro- 
lyzates of RNA were readily hydrolyzed in the presence 
of 3'-nucleotidase and the reaction was essentially 
complete within 1 h. Nucleotides in venom phosphodi- 
esterase digests of RNA were unaffected during this 
interval. 3'-Nucleotidase from rye grass specifically 
catalyzes hydrolysis of 3'-ribonucleotides, and 3'-deoxy- 
ribonucleotides are not substrates for this enzyme (41). 
(h). Selective Hydrolysis of 5'-Nucleotides with 
5'-Nucleotidase. Phosphodiesterase hydrolyzates of DNA 
and RNA were treated with 5'-nucleotidase from venom in 


order to characterize the 53° 


“abe ted Gain, veetices. 
Venom 5'=-nucleotidase solution (0.1 ml, 5 units/ml) in 
0.2 M borate buffer, pH 8.5, containing 0.02 M magnesium 
chloride and 0.1% v/v mercaptoethanol, was added to 0.1 
ml samples of phosphodiesterase digests of RNA and DNA. 
Digests were incubated with the enzyme at 37° for a 
maximum period of 1h. Samples were transferred to 
ice-cooled tubes at various intervals during the incu- 
bations and 40 ul portions of these were immediately 
applied to paper for chromatography, being placed upon 
6-thioguanosine and #-2'-deoxythioguanosine carrier 
spots, as appropriate. The kinetics of hydrolysis of 
TG nucleotides were determined from 322 radloacelvicty 


which co-chromatographed with the TG nucleoside spots. 
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Nucleotides in venom phosphodiesterase digests of DNA 
and RNA were readily hydrolyzed in the presence of 5'- 
nucleotidase. Nucleotides in spleen phosphodiesterase 
hydrolyzates of DNA and RNA were unaffected by the 1 h 


incubation period with 5'-nucleotidase. 


5s Paper Chromatographic Systems 


Degradation products of nucleic acids were 
separated by paper chromatography. The presence of venom 
in hydrolyzates distorted nucleoside spots in some chroma- 
tographic systems and, therefore, digest samples were 
deproteinated by rapid acidification and reneutralization 
at 4° before chromatography in these systems. Seven lanes 
of approximately 2.5 x 42.3 cm were cut in sheets (21.5 
x 55.4 cm) of Whatman No. 1 paper and each sample (20 - 

40 yl) was applied to the paper in a separate lane. 
Separated components were visualized under ultraviolet 
light; thiopurine carrier spots were recognized by 
fluorescence. For assay of radioactivity, the lanes 
were then cut into 2 cm segments and each was immersed 
in 18 ml of a toluene-based scintillation fluid and 
counted with a liquid scintillation counter, 

Chromatographic solvents were supplemented 
with 0.1% v/v mercaptoethanol; the following solvents 


were used: 
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Solvent No. 1: 5% w/v disodium hydrogen phosphate and 
isoamyl alcohol, mutually saturated. (33) 
Solvent No. 2: 1 M ammonium acetate, pH 9.0, containing 
0.01 M versene and saturated with so- 
dium tetraborate/90% ethanol, 60/140 v/v. 
Solvent No. 3: 5% w/v sodium dihydrogen phosphate and 
isoamyl alcohol, mutually saturated. (40) 
Solvent No. 4: 5% v/v isopropanol, 5% w/v ammonium 
sulfate. 
Solvent No. 5: 5% w/v disodium hydrogen phosphate. 
R- values of purine bases, nucleosides and nucleotides in 
these solvents are recorded in Table l. All Re values in 
Table 1 are those of components and carriers present in 
samples of enzyme digests of DNA and RNA. Chemical species 
were identified by comparison with Re values of authentic 


compounds or by further enzyme digestion to products of 


known Re values. 


1. Identification of 6-Thioguanine in DNA and RNA Isolated 
from Cultured L5178Y Cells Exposed to 6-Mercaptopurine. 
(a). Mycophenolic Acid Protection. The similarity 


between the delayed cytotoxic reaction of MP and that of 
a 100-fold lower concentration of TG suggested that cyto- 


toxic effects of MP might be mediated by TG anabolites, 
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through incorporation into DNA. It is likely that the 
enzymes responsible for conversion of inosinate to guany- 


late are also responsible for the conversion of 


6-thioinosinate to 6-thioguanylate (see Chapter 1). The 
suggestion” was made that if conversion of 6-thioinosinate 
to 6-thioguanylate is essential to the cytotoxic activity 
of MP, then mycophenolic acid should protect cells against 
cytotoxic effects of MP exposure. Mycophenolic acid is 

an antibiotic which inhibits both enzymes involved in 
conversion of inosinate to guanylate (34,611,172). Figure 
27 illustrates the effects on L5178Y cell proliferation 

of simultaneous exposure (13 h) to 0.5 uM mycophenolic 
acid and 100 uM MP. The concentration of mycophenolic 
acid was chosen on the basis of dose, response data; these 
demonstrated that inhibition of cell proliferation was 
reversed after 13 h exposure by replacing culture fluids 
with drug-free media (for example, see Figure 33, mycophen- 
olic acid treatment alone). Mycophenolic acid protected 
cells against the delayed cytotoxic reaction of MP (Figure 
27). This result is compatible with the hypothesis that 
conversion of 6-thioinosinate to 6-thioguanylate is 
essential to the delayed cytotoxic activity of MP. In 
addition, this experiment supports the earlier conclusion 
that inhibitions of purine nucleotide synthesis are not 
centrally involved in the lethal effects of MP. Simul- 


taneous exposure (17 h) to 0.3 pM mycophenolic acid and 
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Figure 27. The effect of 13 h exposure to MP and MP 
plus mycophenolic acid (MA) on the proliferation of 
cultured L5178Y cells. Culture fluids were replaced 
with drug-free media at 0 h. Concentrations of agents 
during exposure are indicated in the figure. 
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100 UM MP also protected cultured L5178Y cells against 
delayed cytotoxic effects (Figure 28), however, under 

the same conditions 0.3 uM mycophenolic acid did not pro- 
tect against the delayed cytotoxic reaction of 0.5 UM 
B-2'-deoxythioguanosine (Figure 29). This result would 

be expected if mycophenolic acid protected cells against 
MP by inhibiting conversion of 6-thioinosinate to 6-thio- 
guanylate since anabolism of 8-2'-deoxythioguanosine would 
not involve the enzymatic steps known to be affected by 
mycophenolic acid. Over the 17 h drug exposure period, 
cell proliferation was inhibited in these cultures; inhi- 
bitions were: 11% for MP alone; 2% for 8-2 '-deoxythioguano- 
sine alone; 32%-for mycophenolic acid alone; 43% for MP 
plus mycophenolic acid; 34% for B-2'-deoxythioguanosine 
plus mycophenolic acid. 

(b). Treatment with ups oe On the basis of the above 
results, incorporation of MP into nucleic acids was inves- 
tigated in exponentially proliferating cultures of L5178Y 
cells. DNA and RNA were isolated from mass cultures at 
the end of 13 h exposure to 100 yM MP-S°>. At this time, 
cells in 10 ml culture samples were washed and resuspended 
in drug-free media to ascertain effects of the MP treatment 
on cell proliferation. These cells continued to divide 
for approximately 24 h after MP was removed and the de- 


layed cytotoxic reaction to MP exposure was observed after 


28 


gentaps elias 
tehar ,sevewoH , 
-~orq Jon £16 bics 
my 2.0 20 nOlsoRRs olde: 
Sigow tivaen sift «af 
tanisps elises bexsseore Bice sitntahtend at besooaae od 
-oidi-3 oF ssetizoniolds-3 to soleievaco pak diebdnd yd aM 
Siviow Sa. idonsirpo ttt yeoeb-"-8 Ro meiiodens esonte séslyasup 
wd betoatie o¢ 0+ nuenr egsite sisemysas edt evlovnl son 
,boltsq ssusadKe owib A Vi sdd rev0. ,bice otfonerdgooym ; 
~ifint :#ertuslum sebde- ni baszidbink enw noitsrei iiorg Liso 
-omsupoidivtosh-'f-§ t63 #8 Fenole 3h 192 fit :919v enoisid 
Gm aot #£€8 :enolse Bios sitonwdactgn pen #5& :enols onie 
shleotsupotrityxosb-'S<& rot #86 ybios siLonsdqooym aulgq 
| .bios sblomsdgooym ablg 
evods sid.26 sised Ss) ac fans Ajkw snentoerT «(dy 
~sevyol esy abips sisiodd osm wa to aoijsioqroon! ,etiovex 
Y8Vitl Yo astustivo pmisarstiier ylistséf#enuqne nt bssspks 
+e sowitive easm mow? Bedaiozi ssw Ava bas Ava. elfen 
vomit eade 3K tink tne 00 Od sateogue 4 ff to Bas edt 
bebaogevas: bas bataswisiew sefemes srstivn fm Of et arian 
Snsetooxt 4M fit 30° + ithesawoKe of then eexk-pusb. ak ; 
abivib of Page snokvesetilosg Liss. mo L 
-ob Sid bas bevioned Jaihe aM xa32s. & 8S ylssautxosaqs ao% | 
revie bavvsnds asw sxuRogxe SK of noksosex 9ixoJodyD BeysE 
y Of Oe 


136. 


CONTROL 


ce 
LL 
cO 
= 107 
=) 
a ” MP 100 pM+ 
= MA 03M 
= L/ 
U 
un 10e 
= 
— 
< 
Te a 
10° 


6) 24 48 72 96 120 
TIME (hours) 


Figure 28. Cell proliferation in L5178Y cultures after 
17 h exposure to MP, mycophenolic acid (MA), and MP 

plus mycophenolic acid. Culture fluids were replaced 
with drug-free media containing 10 UM guanosine at 0h 
and cell numbers are relative to those at 0.75 h. Con- 
centrations of drugs during exposure are indicated in 
the figure. Guanosine was not present in culture media 
during the drug exposure period. The data of this figure 
and Figure 29 were part of the same experiment; all cul- 
tures were prepared from the same parent Gin tae aoa 
before drug treatments were initiated. 
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Figure 29. Cell proliferation in L5178Y cultures aitter 
17 h exposure to §-2'-deoxythioguanosine (TGdR), myco- 
phenolic acid (MA), and B-2'-deoxythioguanosine plus 
mycophenolic acid. Culture fluids were replaced with 
drug-free media containing 10 UM guanosine at 0h and 
cell numbers are relative to those at 0.75 h. Concen- 
trations of drugs during exposure are indicated in the 
figure. Guanosine was not present in culture media during 
the drug exposure period. The data of this figure and 
Figure 28 were part of the same experiment; all cultures 
were prepared from the same parent culture 7 h before 
drug treatments were initiated. 
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1.25 - 1.50 doublings (for example, see Figure 33, Mp-s>> 


treatment alone). It was concluded that L5178Y cells 
treated with MP under mass culture conditions behaved 
Similarly to conventionally cultured cells. 

(c). Degradation of DNA with DNase I plus Venom. 
The isolated DNA (total yield 5.1 mg DNA, specific acti- 
vity 80,500 cpm/mg DNA) was hydrolyzed with DNase I plus 
rattlesnake venom in the absence of thiopurine carrier. 
When digestion was complete, 8-2'-deoxythioguanosine 
was added to samples of the digest, and components of 
these mixtures were separated by paper chromatography 
with solvents 1, 4 and 5. Results of paper chromato- 
graphy are summarized in Table 2. Samples of the DNA 
digest were acidified and rapidly reneutralized at 4° to 
remove protein before chromatography. Two major peaks of 
radioactivity were observed in each of the developed chro- 
matograms. One peak, accounting for 40 - 50% of the total 
activity was associated with the 8-2'-deoxythioguanosine 
spot in each solvent (Table 2). A lesser peak, accounting 
for 30 - 40% of the total activity, had high Re values in 
these solvent systems and presumably represented a charged 
s?°-derivative. The activity associated with TG 


reflects the sensitivity of #-2'-deoxythioguanosine 
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to acid hydrolysis. 

(d). Oxidation of 8-2'-Deoxythioguanosine-s>~ Released 
from DNA. Chromatography with solvent 1 suggested that 
the lesser peak was an oxidation product of B-2'-deoxythio- 


guanosine-s°>. This unidentified ee 


-labeled derivative 
was probably inorganic sulfite. When samples were chroma- 
tographed with solvent 1 without prior acidification and 
reneutralization the unidentified component had lower Re 
value (Table 2) and was located in the purine nucleoside 
monophosphate region of the chromatogram (see Table 1). 
This derivative was probably the deoxyribonucleoside of 
2-aminopurine-6-sulfinate, an oxidation product of TG (47). 
Purine-6-sulfinates are very sensitive to acid catalyzed 
hydrolysis of the carbon-sulfur bond and inorganic sulfite 
is. a.product. of.acid treatment (47). The "sulfinate* 
derivative was apparently an artifact derived by oxidation 
of 8-2'-deoxythioguanosine-s>> released from DNA during 
digestion at 37°. When carrier B-2'-deoxythioguanosine 
was present throughout the period of digestion of DNA, 
there was a decrease in the proportion of the total 
radioactivity associated with the "sulfinate" derivative 
and a corresponding increase in the proportion associated 


with B-2'-deoxythioguanosine (Table 2). The "sulfinate" 


derivative accounted for only 7% of the total activity 
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when digestion was conducted in the presence of 1.5 mM 
B-2'-deoxythioguanosine. In subsequent experiments, 
digestion of DNA with DNase I plus venom was conducted 
in the presence of 1.5 mM 8-2'-deoxythioguanosine; 
20 =..95% Of the. totalactivity inihydrolyzateswof 
5?°-1abeled DNA co-chromatographed with §-2'-deoxythio- 
guanosine in both solvents 1 and 3. 

(e). Degradation of RNA with Venom. RNA (total yield 
12 mg RNA, specific activity 19,800 cpm/mg RNA) was 
degraded with rattlesnake venom in the absence of carrier 
thiopurine. When digestion was complete, 6-thioguanosine 
was added to samples of the hydrolyzate and components 
of these mixtures were separated by paper chromatography in 
solvents 1, 4 and 5. Results of paper chromatography are 
summarized in Table 2. Samples were acidified and re- 
neutralized to remove protein before chromatography and 
the result was entirely analogous to that described above 
for DNA. Two peaks of radioactivity were observed in 
each of the developed chromatograms; one peak of activity 
was associated with 6-thioguanosine in each solvent, 
whilst the other peak was found at high Re values in 


these solvent systems and probably represented sulfite-s?>. 
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(£).. Oxidation of 6-Thioguanosine-s>> Released from 
RNA. When RNA hydrolyzates were chromatographed in 


solvent 1 without prior acidification and reneutraliza- 
tion, the unidentified peak of radioactivity was found 

at lower Re values (Table 2). This component was pro- 
bably the ribonucleoside of 2-aminopurine-6-sulfinate, 
formed by oxidation of 6-thioguanine-s*> during the 
period of incubation at 37°. When 6-thioguanosine was 
present in digestion mixtures throughout the period of 
digestion of RNA, there was a decrease in the propor- 
tion of the total radioactivity associated with the 
"sulfinate" derivative and a corresponding increase in 
the proportion associated with carrier 6-thioguanosine 
(Table 2). The presumed sulfinate derivative accounted 
for only 7% of the total activity when digestion was 
conducted in the presence of 1.5 mM 6-thioguanosine. In 
subsequent experiments digestion of RNA with venom was 
conducted in the presence of 1.5 mM 6-thioguanosine; 80 - 
90% of the total activity in hydrolyzates of s?>_1abeled 
RNA co-chromatographed with 6-thioguanosine. No detectable 
activity accompanied 6-thioinosine in solvent 1 (see 
Table 1 for R, values). The radioactivity released by 


f 


venom also co-chromatographed with 6-thioguanosine in 


solvent 3. 
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(gq) Chromatography of Nucleic Acid Hydrolyzates in 


Saturated Borate Solution, The chromatographic systems 
described above did not separate 6-thioguanosine and 
B-2'-deoxythioguanosine. In a separate experiment, DNA 

and RNA were isolated from L5178Y cells at the end of 13h 
exposure to 100 uM mp-s>> and the nucleic acids were de- 
graded to nucleosides in the presence of 1.5 mM concentra- 
tions of 6-2'-deoxythioguanosine and 6-thioguanosine, 
respectively. Samples of these hydrolyzates were subjected 
to paper chromatography with solvent 2, which contains a 
saturating concentration of sodium borate. Ribonucleo- 
Sides are separated from corresponding deoxyribonucleosides 
by chromatography in this solvent; radioactivity released 
by digestion of RNA co-chromatographed with 6-thioguanosine 
and was separated from radioactivity released by digestion 
of DNA which co-chromatographed with §-2'-deoxythioguano- 
sine (see Table 1 for Re values). When a sample of the 
RNA digest containing both 6-thioguanosine and B-2'-deoxy- 
thioguanosine was chromatographed in solvent 2, the acti- 
vity was associated with the 6-thioguanosine spot and no 


detectable activity was associated with the separated 


B-2'-deoxythioguanosine spot. 
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(h). Selective Acid Hydrolysis of Purine Deoxyribo- 


nucleosides. Purine deoxyribonucleosides are considerably 
more sensitive to acid-catalyzed hydrolysis of the glyco- 
sidic bond than are the corresponding ribonucleosides. 
This property was used as a further criterion for charac- 
terization of the Be iepe led tG nucleosides present in 
hydrolyzates of DNA and RNA. DNA and RNA were degraded 

to nucleosides in the presence of 1.5 mM concentrations 

of B-2'-deoxythioguanosine and 6-thioguanosine, respec- 
tively. Digests were incubated with 1.7 N hydrochloric 
acid at 25° for 40 min and then neutralized. Samples of 
the acid-treated digests were chromatographed on paper 
with solvent 1. Effects of this treatment are summarized 
in Table 3. The procedure resulted in quantitative con- 
version of deoxyadenosine to adenine, deoxyguanosine to 
guanine and quantitative conversion of 6-2'-deoxythioguano- 
sine to TG. Ninety five percent (2710 cpm) of the total 
activity in samples of the acid-treated DNA hydrolyzate 
was associated with TG. Acid treatment had no apparent 
effect on adenosine, guanosine or 6-thioguanosine and 85% 
(760 cpm) of the total activity in samples of the acid- 
treated RNA hydrolyzate co-chromatographed with 6-thio- 
guanosine. Venom digests of RNA were treated with acid 

in the presence of both 6-thioguanosine and 8-2'-deoxythio- 


guanosine. Acid treatment resulted in conversion of 
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B-2'-deoxythioguanosine to TG,whilst 6-thioguanosine was 
unaffected. Radioactivity in the acid-treated digests 

was associated with 6-thioguanosine and no detectable 
activity was associated with the separated DGESpOtaw es (uese 


35 


results established that the S~~-labeled iG nucleoside 


She 


in RNA digests was a ribonucleoside, whilst the S~~-labeled 


TG nucleoside in DNA digests was a deoxyribonucleoside. 


Seneca DNA and RNA were 


Venom digests of S 
treated further, first with purine nucleoside phosphory- 
lase and then with nitrous acid in order to confirm that 
the radioactive thiopurine base associated with the nucleic 
acids was TG. 

(i). Cleavage with Purine Nucleoside Phosphory- 
lase., «DNAvand RNA were digested in the presence of 1-5 mM 
concentrations of B-2'-deoxythioguanosine and 6-thioguano- 
sine, respectively. Ninety percent (8100 cpm) of the total 
activity in samples of the DNA hydrolyzate co-chromato- 
graphed with ®~-2'-deoxythioguanosine in solvent 1. Eighty- 
seven percent (2500 cpm) of the total activity in samples 
of the RNA hydrolyzate co-chromatographed with 6-thioguano- 
sine in solvent 1. The DNA and RNA digests were incubated 
at 37° for 1h with purine nucleoside phosphorylase in 
the presence of arsenate as ribosyl and deoxyribosyl 
group acceptor. Components of these mixtures were 


separated by paper chromatography with solvent 1. 
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Effects of incubations with phosphorylase are summarized 
in Table 3. Treatment with phosphorylase converted 
B-2'-deoxythioguanosine and 6-thioguanosine to TG. Eighty- 
one percent (3600 cpm) of the total activity in samples 
of the DNA digest and 69% (970 cpm) of the total activity 
in samples of the RNA digest co-chromatographed with TG. 
Small amounts of unreacted carrier and 622 Ailabeded ZGonu- 
cleosides remained in digestion mixtures. These may have 
been present as disulfides during phosphorylase digestion 
and as such would probably be resistant to phosphorolytic 
cleavage of the glycosidic bond. Upon chromatography disul- 
fides would be reduced by mercaptoethanol present in the 
chromatographic solvent. Unreacted §-2'-deoxythioguanosine 
accounted for 8% (340 cpm) of the total activity in samples 
of the phosphorylase-treated DNA hydrolyzate; unreacted 
6-thioguanosine accounted for 10% (150 cpm) of the total 
activity in samples of the phosphorylase-treated RNA 
hydrolyzate. ‘Similar proportions of unreacted TG ynucileo- 
side were found after only 30 min phosphorylase digestion. 
No detectable activity accompanied MP in chromatograms 
of the phosphorylase-treated digests of both DNA and RNA. 
Susceptibility to phosphorylase-catalyzed 


cleavage of the glycosidic bond demonstrated that the 


s?°-1abeled TG nucleosides, released by digestion of RNA 


and DNA, had the B-configuration about the anomeric carbon 
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of the sugar moiety (107). 


(3). Deamination by Nitrous Acid. The action of nitrous 


acid on phosphorylase-treated hydrolyzates of DNA and RNA 


provided further confirmation that the ere 


-labeled thio- 
purine was TG. The effects of nitrous acid are summarized 
in Table 3. Treatment with nitrous acid resulted in the 
deamination of TG to 6-thioxanthine in these digests. 
seventy-one, percent, (1600) cpm). of, the total activity an 
samples of the nitrous acid-treated DNA digest and 50% 
(350 cpm) of the total activity in samples of the nitrous 
acid-treated RNA digest co-chromatographed with 6-thio- 
xanthine in solvent 1. Nitrous acid is an oxidizing agent 
and a certain amount of oxidation of s?>-1abeled TG 
occurred during nitrous acid treatment. A minor peak of 
activity (Rp 0.90) was observed in chromatograms of nitrous 
acid-treated DNA and RNA digests (solvent 1). Oxidation 
of the thiopurines is discussed above; the minor peak of 
activity was probably inorganic sulfite-s>>. “Sul tite” 
accounted ‘for 19% (410 ¢cpm) of the total activity in 
samples of the nitrous acid-treated DNA digest and 23% 


(160 cpm) of the total activity in: samples of the “nitrous 


acid-treated RNA digest. 
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28 Incorporation of 6-Mercaptopurine into Internucleotide 
Linkage of DNA and RNA as 6-Thioguanine 


The experiments described above demonstrated that 
TG was associated with DNA and RNA in MP treate desi SY 
cell cultures. These results implied that MPsc Sanoo re 
porated as TG nucleosides into 3',5'-phosphodiester link- 
ages of RNA and DNA in cultured L5178Y cells. However, it 


was conceivable that TG nucleotides (which would be 5'-phos- 


phoryl derivatives) might be "bound" to polynucleotides; 
hence the need to demonstrate that 3',5'-phosphates of 
6-thioguanosine and B-2'-deoxythioguanosine are present 

in RNA and DNA. Inorder to establish the nature of the 
association between TG nucleosides and the nucleic acids, 
DNA and RNA were hydrolyzed to 3'- and 5'-monophosphates 
with purified phosphodiesterases. Phosphodiesterase hydro- 
lyzates were then subjected to further digestion with 3'- 
and 5'-nucleotidases to determine the position of the 
phosphate substituent in the TG nucleotides. 

(a). Degradation of Nucleic Acids with Phosphodies- 
terases. DNA and RNA were both degraded to 3'-monophos- 
phates with micrococcal nuclease and spleen phosphodiester- 
ase; RNA was hydrolyzed to 5'-monophosphates with venom 
phosphodiesterase and DNA was hydrolyzed to 5'-monophos-~ 
phates with DNase I plus venom phosphodiesterase. 


Phosphodiesterase degradations and chromatography of 
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hydrolyzates were conducted in the absence of carrier TG 
nucleotides. Nucleotides of TG appeared to be considerably 
more resistant to oxidation in these digestion mixtures 
than did the corresponding nucleosides in crude venom 
hydrolyzates. Samples of the phosphodiesterase hydroly- 
zates were chromatographed on paper with solvent 1. Results 
Of paper chromatography are summarized in Table 4. In 
solvent 1, a single peak (Rp 0.73 = 0.74) of radioactivity 
was observed in the nucleotide region of the chromatograms 
for DNA- and RNA-derived 5'-monophosphates and for RNA- 
derived 3'-monophosphates (Table 4). 

Two peaks of activity were observed in chroma- 
tograms of DNA-derived 3'-monophosphates (see Table 4). 
The major peak of activity was found in the nucleotide 
region of the chromatogram (Rp 0.75). The minor component 
(Rp 0.53) was 6-2 '-deoxythioguanosine-s*>, apparently 
derived from the major component because, when degradation 
of DNA to 3'-monophosphates was complete, further incuba- 
tion at 37° led toa progressive increase in the pro- 
Portion sOL 6-2 “deoxythioguahosine-S7~ in the hydrolyzate. 

Samples of phosphodiesterase digests were also 
chromatographed with solvent 2 (see Table 4). This solvent 
contains a saturating concentration of sodium borate. Deoxy- 
ribosyl 3'-monophosphates, deoxyribosyl 5'-monophosphates 


and ribosyl 3'-monophosphates behave similarly, but are 


| _ 
aset 7 


D2 xwixs80 Yo sonveds fg nt besoubaes erow eosesyloxbyd 
yitisisbienop ed oF beisedgs PT to sehitoeious .eebiszoeloun 
eoergxim dotteeptb sesft mi notsebixe o3 gnetaless stom 
-yiovivd eenteduetboiqenda) org 20 eslgus® ©. eotézylorbyd 
eytvees .f saevion tlw seed no Betigereesamosdo o19w sodas 
it ,& sitet ot hesizempve Sts Yligsipossmordo Isq6q 30 
ystvisnsother to (67.0 = a 2h} thaq Sipate s ,1 anovioa 
ems potamoino sit to nokpot ebitosiowa S49 mi bevzesdo sev 
-aut aot Bas eosérgecdyencn~"2 Bevitteb-AMt ‘bas -AMG 202 
(6 sfdet) setstgboriqosor-"€ Bevizeb 
~smotiiy mh bavigndo sige ysiviszss to saseq owT “VW 
(A ofceT ese! eevargsotiqodom-"t bev Frsh-ANd to ams xpos 
eb iseoroun Gi ak Bigot saw Ytivises Do csoq xofse SAT 
fnanogmes yoni sit (20/0 ,8) mozyosamozss éd+ to nokpex 
vidnerseds 2° d-cuteonsupotlsysosb~'S-9 sew (E20 Qa) ~ 
aotebs=eeh nodw (stented Yosaogmds rotem ot mort bevizeb 
-sdoni xentsgt ,Steigmon as eeserdnontqonom-"t oF AWA Zo 
“put oa ‘hi scsétpha aviseerporq « ot bel °CE Js cols 
stesyicxbyn ont of lg venizonnvpol itt yxosb-*S-2 R20 golsiog 
oats siow stesotb saeisteeiborqeodg to sefqmae th 
susvioe sid? tb side? 258) © goovioe détw Bedqnreotsmoriio 
-yxos _satrod mtboe Yo folsardneonop gpaltesiss 6 enisdioo 
setedqeodquiton'2 tysodixyaos’ ,essstqeongéntm-'t  Iyeodix 
ais tod ,vlaelimle overed esssdgqaodqenom-'€ Iyacdty ‘bas 


pvr wet ee v= | 7 — 


Le | 


a 


Wey e)e 


oserlsqsaetpoyudsoyd 
useTds + oeseoetTonu 


8T°0 €L°O 78 raz daDL-1€ Te99000I9 TW 
_ oseisejsetpoydsoyd 
S0°O DL°O SHE OS? daoL-.S wousA WNY 
S9°0 €S°0 6 0€Z YPOL esereysetpoydsoyd 
aa ueetTds + oseatonu 
S10 GL 50 06 OSC dupoL-.€ Te99 09029 TW 
_-* eserozsetpoydsoyud 
8T°0 vL°O €6 OSTZ dd poi-.¢ WOUSA +] SSeNd WNa 
Z 3USATOS I WUSATOS (I RUSATOS) (I 3UPeATOS) syeod souAzue ptoe 
ut syeed ut syeod werbojZeworyo syeod ARTATAOe uotj3sebtq OTSTONN 
ARTATRIOP APTATIOS UO | AQTATIOe ARTATRIOe yo AAtTAZUSepL 
fo 24 Tope Te3OF FO 8 ut Wdo 


SULSOs ABL IGT Bate ole omen 


wotF PezeTOST WNY pue WNG JO sysebtp ssexzejysetpoydsoyd jo Ayderzbojeworzyo Aedeg ‘°F eTqeL 


Indo tot ni Mz 
. a0 ae no ysivitos ysividos to ytisnehi 
ab eras. at atesq mesxposamortdo Hiseg ysivitos 

ivios TT nav low (I — ba ey exass 


L542 


separated in this solvent from the corresponding ribosyl 
5'-monophosphates (see Table 1). Borate complexes 
with ribose derivatives when the cis-glycol grouping of 
the sugar is unsubstituted. Two peaks of activity were 
observed in chromatograms (solvent 2) of spleen phospho- 
diesterase hydrolyzates of DNA. The major peak (Rp 0.18) 
was located in the deoxyribonucleotide region of the 
chromatogram. The origin of the minor component, B-2'- 


deoxythioguanosine-s?> 


(Rp 0.65), is discussed above. 
Venom phosphodiesterase hydrolyzates of DNA and RNA and 
spleen phosphodiesterase hydrolyzates of RNA gave single 
peaks of radioactivity in solvent 2. The peak of activity 
was located in the deoxyribonucleotide region (Rp OLS) 

in chromatograms of DNA-derived 5'-monophosphates. The 
same Ry value was observed for the peak of activity in 
chromatograms of RNA-derived 3'-monophosphates. This, to- 
gether with the preceeding results, demonstrated that the 
radioactive component in spleen phosphodiesterase hydroly- 
zates of RNA was probably the 3'-monophosphate of 6-thio- 
guanosine. In contrast, when venom phosphodiesterase 
hydrolyzates of RNA were chromatographed in Solvent 2, 

the peak of activity was located in the 5'-ribonucleotide 
region, close to the origin (Rp OFS) "The radioactive 


component in these hydrolyzates was probably the 5'-mono- 


phosphate of 6-thioguanosine. 
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(b). Selective Hydrolysis of 5'-Nucleotides with 


9'-Nucleotidase. Phosphodiesterase digests of DNA and 
RNA were treated further with 5'-nucleotidase to establish 
the position of the phosphate substituent on the sugar 


moiety of the 5? 


ae Tabealed TG nucleotides Rates io: hydro— 
lysis of TG nucleotides were determined by measuring the 
rate of appearance of the corresponding S?>-labeled TG 
nucleosides in reaction mixtures. Figures 30 and 31 pre- 
sent the rates of 5-nucleotidase-catalyzed hydrolysis of 
TG nucleotides to TG nucleosides. Hydrolysis proceeded 
at a constant rate over the 1 h incubation period in venom 
phosphodiesterase and DNase I plus venom phosphodiesterase 
digests of s?°>-rabeled RNA and DNA, respectively. No 
reaction was observed over the 1 h incubation period in 
micrococcal nuclease plus spleen phosphodiesterase hydro- 
lyzates of RNA and DNA. These results indicated that 
phosphate was on the 5'-hydroxyl group in TG nucleotides 
released by venom phosphodiesterase. Similarly, resistance 
to hydrolysis demonstrated that the phosphate substituent 
was on the 3'-hydroxyl group in the TG nucleotides released 
by micrococcal nuclease plus spleen phosphodiesterase. 

(c). Selective Hydrolysis of 3'-Nucleotides with 
3'-Nucleotidase. Phosphodiesterase digests of RNA were 
treated further with 3'-nucleotidase and rates of hydro- 


lysis of s?°_1abeled TG nucleotides were determined 


bas AIK! 20 siesaib ‘peaieteatborgeatt -pashisoolopu-"= 
datidates od sesblsoclson='@ Aziw r9iftid botse1s sxew AM 
1epye 243 go taguelvediia etsdqanda ad3 20 nottieog edd 
-oxbyrt to estet eebbsoeLoum pT beledel-“"2 odd 20° ytetom, 


ois palxeason - benimxeteb stew esbigoeiouna OT to eleyl 
or totedae-* Ks pathmoqreazios eft to eonsxseqqgs to et6z 

-sxq [€ Ses G5 setup ld pends tot noitosex ni eesbieoefoun 
Ro einyfombyi hesyletso-saesbitealoun-2 to aetsx add Jsnee 
bebooatxg -eiayloxbyt, .gebieooloun aT o2 esbisoeloum. oF 
money ot Bolreq noltsdwonk A I eds xevo s3st tnstenos,.s Js 
sesxe7noiborecis mansy apig I se6td bas ses zeat2etborqaon¢g 
cM itewindaesy Ah Bos sit Botedsi-“"2 20.e22e0pkb 

ni bolseq eaitedyeri af £ aia seve bevzsedo esw noigossz 
-o1byri ereredustbovadade aselqe ~aniq saseioun Leovcoczo ka 
tsd3 Botactiit effvest SaedT -ANd bas 4M 30 eotenyl 
asbijoolood OY uit qvoip. Eyworbyd-'? edt no asw etsageotig 
eonhteies: ,ylsrelimi® .eesretasiboriqrodq money yd Beaselex 
jnetvsitedue-stedeeedy $42 tes? hotsextattomsd ateylozbyd oF 
beassisx eshidosioua oF atin: ni quote iyxoxubyd-‘E odd no.eaw 
.$86%02 PSiboridqents — auiq sseotoun An 

92 «{9) & i'e | 

axow Ail 20 RST oe perenivck» 
~oxbyti 20° sete bas seebitoeloun-*é diiw seit? betsex3 
beninzeieb oxew eabitos foun af beledel-"°2, 2o.abayl 


7 _ 
3 "oe a | ak 


1000 


(CPM) 


LLJ 
Z 800 
Y) 
O 
FE 
= 600 
© 
O 
4 
= 
2 400 
O 
LLJ 
oO 
i} 
NS 200 
( 
m 
) 
6) 20 40 60 


TIME (minutes) 


Figure 30. 5'-Nucleotidase-catalyzed hyorolyse seorLG- 
S35 nucleotides in Pa cere eee as digests of DNA i 

isolated from MP-S35-treated L5178Y cell cultures. DNA- 
5', DNase I + venom phosphodiesterase digest of DNA (@); 
DNA-3', micrococcal nuclease + spleen phosphodiesterase 


digest of DNA (0). 
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Figure 31. 5'-Nucleotidase-catalyzed hydrolysis of TG- 
S35 nucleotides in Do eee ae digests of RNA 
isolated from MP-S3°-treated L5178Y cell cultures. RNA- 
5', venom phosphodiesterase digest of RNA (4); RNA-3', 
micrococcal nuclease + spleen phosphodiesterase digest 


of RNA (4). 
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(Pigure, 32). ) Hydrolysis proceeded rapidly in the micro- 
coccal nuclease plus spleen phosphodiesterase digest of 
RNA and the reaction was essentially complete within the 
1 h incubation period. No reaction was observed over 
the 1 h incubation period in the venom phosphodiesterase 
hydrolyzate of RNA. This result confirmed that phosphate 
was on the 3'-hydroxyl group in the TG ribonucleotide 
released from RNA by micrococcal nuclease plus spleen 
phosphodiesterase. 

These data demonstrate that MP is incorporated 
as TG nucleosides in 3',5'-phosphodiester linkage of DNA 


and RNA chains. 


Sa LNCOEpOratLlon oF 6-Mercaptopurine into Nucleic Acids 
and the Delayed Cytotoxic Reaction 


The experiments described in the preceeding sec- 
tion demonstrated that MP is incorporated as TG into nucleic 
acids of cultured L5178Y cells. Levels of incorporation 
expressed as nmoles TG/mg nucleic acid are presented in 
Table 5. The data of Table 5 were derived from experiments 
which investigated the relevance of such incorporation to 
the delayed cytotoxic reaction of MP. A relation appears 
to exist between incorporation of MP as TG into nucleic 
acids and the cytotoxicity of MP. 


DNA and RNA were isolated from MP-sensitive 
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nucleotides in phosphodiesterase digests of RNA 
isolated from MP-S35-treated L5178Y cell cultures. RNA- 
5', venom phosphodiesterase digest of RNA (4); RNA-3', 
micrococcal nuclease + spleen phosphodiesterase digest 


of RNA (4). 


poe 32. 3'-Nucleotidase-catalyzed hydrolysis of TG- 
s3 


160. 
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L5178Y cell cultures at the end of 13 h exposure to 100 uM 
MP esos. The levels of incorporation of MP into these nu- 
cleic acids were: 2.96 nmoles TG/mg DNA and 0.73 nmoles TG/ 
mg RNA (Table 5). These levels of incorporation would be 
roughly equivalent to 0.4% replacement of guanine by iG 

in DNA and 0.1% replacement of guanine by TG in RNA, 
assuming that the nucleic acids contained equal proportions 
of the 4 bases. DNA and RNA were also isolated from L5178Y 
cell cultures at the time of the delayed cytotoxic reaction. 
Cells in a single 250 ml culture were exposed to 100 uM 
mp-s?> for 18.5 h and were then washed and resuspended in 
drug-free medium and harvested for isolation of nucleic 
acids 27 h later, when the cytotoxic effects of MP exposure 
were observed. The MP-S>°-treated cell population under- 
went 1.2 doublings during the 27 h period between removal 
of the labeled drug and onset of the delayed cytotoxic 
reaction. Therefore s3°-1abeled nucleic acids were diluted 
by unlabeled nucleic acids which were synthesized during 
the period of abortive proliferation after mp-s>> was 
removed. Appreciable amounts of nucleic acid-incorporated 
TG-s>> remained in these cells at the time of the delayed 
effect (Table 5). DNA contained 0.96 nmoles TG/mg and RNA 
contained 0.18 nmoles TG/mg. TG present in nucleic acids 


was the major thiopurine remnant of MP exposure in these 


dying cells. The total intracellular pool of acid soluble 
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thiopurine derivatives at this time is only 1 - 2% (1 - 
2 nmoles/ml tissue) of that found in cells at the end of 
the MP exposure period (see Chapter III). This result 
was confirmed in the present experiment during isolation 


of the g3° 


=labeled nucleic acids. After precipitation of 
RNA, the aqueous supernatant containing soluble tissue 

nucleotides (32) had only 0.5% of the activity found for 
an equivalent number of cells that were extracted at the 


35 


end.sOt, ther Mes exposure period. 


The 53° 


-labeled RNA and DNA were enzymatically 
degraded in order to verify that the incorporated thio- 
puranerin nucleic acids was still TG at the time of sthe 
delayed cytotoxic reaction. Samples of the digests were 
chromatographed in solvent 1. Eighty-three percent (1600 
cpm) of the total activity in samples of DNA hydrolyzate 
co-chromatographed with B-2'-deoxythioguanosine. Seventy- 
two percent (320 cpm) of the total activity in samples of 
RNA hydrolyzate co-chromatographed with 6-thioguanosine. 
It was apparent that little if any chemical modification 
of TG present in nucleic acids occurred during the period 
of abortive proliferation after MP exposure was terminated. 
Mycophenolic acid present in culture medium 
during MP exposure protected cells against the delayed 


cytotoxic reaction of MP (see above). Mycophenolic acid 


did not protect cells against the delayed cytotoxic 


car ‘ We a ane 
‘ ; i 
" up ’ ' = 7 - 
: oes 
* f) #S + I yino ai mad sity se aowtsev iret : 


4o bere edt 3s eifeo ae sede: see vanes? ‘Nees 
— 7 

sipeos abt? . (TI zetgsdd aoe) bowues eweudiiee aa ™ 
non 


- 


soiteloet paitnbd tnemizagee saeotg ert Ht a ou 7 


to notisciqiverg tettA abies pteloun hetadsi-" Fe ody 20 
sveets sidgioe priatesnd Snes SrriSsque atroeups tt an 
+O? Bavol ysivisos oc? te, ee. 0 vino bad (Se) eee > 


sat 34 bedoaysxe 210" setts aifao to xedmun tneleviwpe f 


—_ ai 


' 
-bolreq sivs0eqxe foam ant nn an 
Sy ‘es 
yilsvissmysne erew AMG bas AMA fhefedsi~ et. dT | : - ) 


~olay Uetatoqyroonk siz deri ytizev 02 aSsbx0 “it bebstpeb 


7 


sft 20 omty eit 28 BT {Live asw ebios ofefoun at sent: Toe 


siew atnapih ea to eeigune .ffoksossa Dixos0tYO beveled — 

et 

@08f) tasored setdd-ysapka «I trevice at bedgexposemontta f 

otesyioxbydt £Wa 36 eeiquan mk ystivisos Indod ont. pho: ; 
_ 

-ysoave Suttonsepohisgunoeb-'S-a dAtiw bedgexpossmoxits 

to esiqmae ni yriviass Intor eft io (mgo 0St) sect ows 

antzons ~—* dgiw padigs reosamoxdo-09 eresyfoxbya Ai a 

no fae. Boom Lepiimads ‘OS Rt sissil sed snoreqqe bw 3T 


boiwsa srit peibiah pare @bios svisioun ai aneae7q «ant 
‘3 


is ee ‘weande s to 
al bios oHtonedqoo it ne 


irs 


«Pore dire sib lal el 
6. Aba st 
a autem eepstue pee 


boveteb: ofa seaiege “a betosic: g srun09%t gq ™ f De rx 
f 2 Tuas 
bias heercad , (ewor ag een) seen x1 OfxotosYe 
rhe We ri 7 7 nm 
. ae ce a 


: 7 Exo; — ae 
_- 7 ieee AP a 


™ wrie fe, 
aie + 


DAP a 


163. 


reaction of 8-2'-deoxythioguanosine. These results sug- 
gested ‘thats cytotoxic effects of MP were mediated by TG 
anabolites since, by analogy with effects on guanylate 
synthesis, mycophenolic acid might be expected to inhibit 
conversion of 6-thioinosinate to 6-thioguanylate. The 
effect of mycophenolic acid on incorporation of MP-S>> 
into nucleic acids was investigated. DNA and RNA were 
isolated from L5178Y cell cultures at the end of 13 h 
exposure to 100 uM mp-s>° plus 0.5 uM mycophenolic acid. 
Samples of the cells were also resuspended in drug-free 
media to determine the effects of this treatment on cell 
proliferation. Simultaneous exposure to mycophenolic acid 
and MP protected cells against the delayed ‘cytotoxic 
reacuion of MP g(Figure, 33), whilst incorporation) of MP-S>> 
into nucleic acids was considerably reduced (Table 5). 
Addition of mycophenolic acid reduced incorporation of 
MP into DNA by 94% and reduced incorporation into RNA by 
88%. This experiment suggested that conversion of MP to 
TG anabolites and their incorporation into nucleic acids 
are essential to the cytotoxic activity of MP. 

L5178Y cells that were maintained in culture for 
extended periods (longer than 6 weeks) often developed 
partial tolerance to 13 h exposure with 100 uM MP. This 


characteristic developed in cell cultures which had never 


been exposed to MP. One such cell line (designated H1) 
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Figure 33. Cell proliferation in L5178Y cultures ex- 
posed for 13 h at high cell density to MP- g35, my copheno- 
lic acid (MA), and Mp-s35 plus mycophenolic acid. Cell 
numbers plotted at negative times are actual cell numbers 
per ml in these cultures; at 0 h, 10 ml samples were 
removed and culture fluids in these samples were replaced 
with drug-free media. The remainder of the MP-S35 plus 
mycophenolic acid-treated cells were collected at 0 h for 
determination of the incorporated MP- S35 in the isolated 
nucleic acids of these cells. Concentrations of drugs 
during exposure are indicated in the figure. 
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was shown to anabolize hypoxanthine at the same rate as 
MP-sensitive cells (F. F. Snyder, Ph.D. Thesis, Department 
of Biochemistry, University of Alberta, 1973) and Hl cells 
proliferated at their normal rate in culture medium con- 
taining methotrexate (0.03 uM), hypoxanthine (40 uM) and 
thymidine (5 uM). Hl cells did not proliferate in medium 
containing methotrexate (0.03 uM) and thymidine (5 uM) 
without hypoxanthine. Therefore, it was apparent that Hl 
cells had hypoxanthine-guanine phosphoribosyltransferase 
activity. Hl cells were tolerant to 13 h exposure with 
bothne! 00> UM MP and 1 uM s6-2"-deoxythioguanosine = (Figure 34). 
The effects of these treatments on H1 cells may be compared 
with the effects of the same treatments on cells which had 
been maintained in culture for less than six weeks (Figure 
35) 

Incorporation of MP into nucleic acids was inves- 
tigated in Hl cells and also in another L5178Y cell culture 
line (designated Tl) which spontaneously developed partial 
tolerance to 13 h exposure with 100 uM MP. DNA and RNA 
were isolated from HE and Tl cell cultures’ au)the end of 
13-h 6€xposure to 100 uM mp-s?>, Samples of the cells 
were also resuspended in drug-free media to determine the 
effects of this treatment on cell proliferation. The 
effects were similar to those shown in Figure 34. A slight 


inflexion was observed on the growth curve of these mp-s>> 


Bat 


26 Stet saise o> 36 entitnsxog 
soamtysqed ,gieedT .c. aa iin 4 
elies {8 bas (€T@2 (gtxedEA to ystexevit ; 

-néo muthen owitlus at odee Lenton “aeds 36 iat 

fre (My 08) sakdaméxogyid 4. ur £0. 0) siexor0dsen v nett 
muibem oi etsxetiiorq ton Bib alles In - (My 2) on ce 

(Mi 2) earbimyris bas (ty €0.0) stexettodson pain ats = 105 

l8 ted? taetsgge Bee dk onotssSKT -snidsasxoayd $00 ondtiw 

eee s* ensig lyeod Prardgeoig ied ratio ad aioe bed atten: 
nutW steseqwe d €f 6% tnewied sxew effeo If -iviaos, 
bt sweet sniesmsopoldsyxonb<"S-8 wu t bes SM My enka 
butaqmoo ed yar eileu DR oo Binemtsesx13 s2erts to egostig edt 
bel sndvw efies no eduomteeryt ombe sdd¢ Zo etostis odd Paes 


= u = 


gitplt) exeow xte aedt esef 203 sxswtigo al benisiniam ne 


-asvtl cev abios olelobn ant SM io soistsxoqzoont 
sitive [leo 280120 xpitons at oats bos ealleo If ak bexap 
ieidree Geqoteveb wlewesmasnogs Mutdw (rr bessapieeb} eat va 
AUR brs AVG. .Sh My ne tiv szveogxs df £L of sone 3 18 =e 
29 ne sls ta eee oe ; 
atop ait 90 ete 


UGG. 


CONTROL 
MP (100 pM) 


(per ml) 


TGdR (1M) 


MEDIUM 
f CHANGE 


MP. 
OR 7GdR 


“48 -24 ¢) 24 48 72 96 720 7asa 
TIME = (hours) 


CUMULATIVE CELL NUMBER 


Figure 34. The effects of 13 h exposure to MP @and |B=2 \= 
deoxythioguanosine (TGdR) on the proliferation of a 
spontaneously tolerant line (HI) of cultured U5178Y cells. 
Cells were previously maintained in culture for an extended 
period (longer than 6 weeks) during which time they devel- 
oped partial tolerance to 13 h exposure with MP and B-2'- 


deoxythioguanosine. Concentrations of drugs during expo- 
sure are indicated in the figure. 
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Figure 35. The effects of 13 h exposure to MP and £B-2'- 
deoxythioguanosine (TGdR) on the proliferation of briefly 
cultured L5178Y cells. These data were obtained with cells 
which had been maintained in culture for less than six 
weeks. Concentrations of drugs during exposure are indi- 
cated in the figure. 
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treated cells; this occurred at the time that the delayed 
cytotoxic effects of mp-s?? exposure were observed in 
cultures of MP-sensitive cells. Hl and Tl cells were 
larger than normal at 22 h after resuspension but the 
median cell volumes (1410 cu um, 1330 cu ym) were lower 
than the median volume (1630 cu um) of MP-S?°-treated 
sensitive cells (median volume of untreated MP=sensitive 
eelisrel!) t0ucusim)s MCellular damage induced by MP=s2> 
exposure was sub-lethal in Hl and Tl cells and large 
cells apparently continued to divide beyond the critical 
period of post-exposure proliferation. Cell volumes 
and proliferation rates subsequently returned to normal 
in the Mp-S?°-treated cultures” ofpHiy and pT ecelilss 

Levels of incorporation of Mp-s>> as [G-S>? 
in DNA and RNA of Tl and Hl cells were lower than those 
foundeingnucleic acids of eMPssensitivemcells (Tablegs). 
DNA and RNA isolated from Tl cells contained respectively 
40% and 48% of the amount of TG found in nucleic acids 
of MP-sensitive cells. The corresponding values for 
DNA and RNA of Hl cells were 26% and 27%. It was 
apparent that the development of partial tolerance to 


MP exposure was accompanied by a reduced capacity for 


incorporation of MP as TG into nucleic acids of these 


cells. 
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6-Methylthioinesine potentiates the cytotoxic 
action of MP apparently by enhancing anabolism of the 
thiopurine base (138). The effect of 6-methylthioinosine 
was tested in relation to the cytotoxic action of MP and 
incorporation of MP into nucleic acids in one of the cell 
lines which had developed partial tolerance to Mpyexpo— 
sure. 6-Methylthioinosine (0.2 uM) was added to Tl cell 


cultures 3 h before Mp-s>° and was present in culture 


medium during 13 h exposure with 100 uM NEaGo oe DNA and 
RNA were isolated from the Tl cell cultures at the end of 
13 h exposure with 100 uM mp-s>° in the presence of 0.2 uM 
6-methylthioinosine. 6-Methylthioinosine stimulated in- 
corporat ione or mp-s?> as TG-S*> into nucleic acids s (Table 
5). The levels of incorporation were similar to those 
found in)mucle1c acids isolated from MP-sensitive cells 
at the end of 13 h exposure with 100 uM Mp-s>> alone. In 
a separate experiment with these cells, 6-methylthioino- 
sine was shown to potentiate the delayed cytotoxic reaction 
of MP exposure (Figure 36). 

6-Thioxanthylate has been shown to accumulate 
in MP-treated cells (122,138) suggesting that amination 
of this derivative may be a rate-limiting step in conver- 
sion of 6-thioinosinate to 6-thioguanylate. In the pre- 
sent investigation, it became evident that the medium 


concentration of glutamine was not a limiting factor for 
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Figure 36.. Cell proliferation in spontaneously MP-tolerant 
L5178Y cultures exposed at high cell density to MP and MP 
plus 6-methylthioinosine (MMPR). Cells of this culture © 
line (designated Tl) were previously maintained in culture 
for an extended period (longer than 6 weeks) during which 
time they developed partial tolerance to 13 h exposure 
with MP. Cell numbers plotted at negative times are ac- 
tual cell numbers per ml in these cultures. 6-Methylthio- 
inosine was added 3 h before MP and was present in culture 
media during 13 h exposure to MP; at 0 h, culture fluids 
were replaced with drug-free media. Concentrations of 
drugs during exposure are indicated in the figure. 
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conversion of 6-thioxanthylate to 6-thioguanylate in 
L5178Y cell cultures; increasing the concentration of 
glutamine by as much as 8 times (8 x 1.40 mM) during MP 
exposure did not potentiate the delayed cytotoxic reac- 


tion of MP. 
D. Discussion 


The similarity between the delayed cytotoxic 
reaction of MP and those of TG and B-2'-deoxythioguanosine 
suggested that lethal effects of MP were mediated by TG 
anabolites of MP. Consistent with this hypothesis was 
the observation that TG and §-2'-deoxythioguanosine were 
toxic to L5178Y cells at approximately 0.01 times the con- 
centration Of MP required for a comparable “ertect (see 
Chapter II). In the experiments of this chapter, MP was 
shown to be incorporated as TG nucleosides in 3',5'- 
phosphodiester linkages of DNA and RNA of cultured 
L5178Y cells. Therefore, it seems likely that cytotoxic 
effects of the two thiopurines share a common biochem- 
ical mechanism and that the delayed cytotoxic reaction 
Cieibeigein realicy tiaty oF elG: 

A body of evidence suggests that incorporation 
of TG into DNA is involved centrally in the cytotoxic 


activity of this drug (see Chapter I). However, the 
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mechanism by which the analog so incorporated exerts its 
toxic effect is not evident. 5-Bromodeoxyuridine and 
ethyl methanesulfonate are both agents which affect DNA 
and both produced delayed cytotoxic effects in L5178Y 
cell cultures (see Chapter II). Kao and Puck (97) con- 
cluded that chromosomal aberration rather than mutational 
events was the main factor involved in cell death induced 
by both X-radiation and ethyl methanesulfonate. It is 
possible that incorporation of TG into DNA may induce cell 
death by a similar mechanism. Bases (14) has described 
the similarity between the delayed effects of MP and 

low doses of X-irradiation on cultured HeLa cells. It 
would appear that this mode of cell death is not unique 
toyMPeandyTG,and-thatethesultimate,factorss responsable 
for cell kill will represent a general property which TG 
shares with other agents rather than a specific property 
of the thiopurine. 

Scannell and Hitchings (156) previously demon- 
strated that deoxythioguanosine was present in DNA isolated 
from a MP-resistant subline of Adenocarcinoma 755 after 
treatment with MP. The amount of deoxythioguanosine assoc- 
iated with the DNA of the resistant tumor was twice that 
found in the sensitive parent line and was of the same 
order of magnitude as that reported for incorporation of 


TG into DNA under comparable conditions (106). On the 
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basis of these results, Scannell and Hitchings (156) pro- 
posed that incorporation of TG into DNA is not responsible 
for cytotoxic effects of Mp and TG. However, it is apparent 
that incorporation per se is not the final step in the 
action of MP or TG and it is conceivable that mechanisms 

of resistance may be operative even at this locus. Resis- 
tant mutants could possibly arise in which toxic effects 

of the DNA-incorporated analog are suppressed in some 
manner. 

In the present investigation, a relation was ob- 
served between ‘cytotoxic effects ‘of MP and incorporation 
GfMME asi TG into nucleic ‘acids’ “in the *fol lowing “instances: 
(a) mycophenolic acid protected L5178Y cells against the 
delayed cytotoxic reaction of MP and depressed incorporation 
of MP as TG into nucleic acids, presumably by inhibiting 
conversion of 6-thioinosinate to 6-thioguanylate; (b) 
partial tolerance to MP exposure was associated with a 
reduced capacity for incorporation of MP as TG into nu- 
cleic acids; (c) 6-methylthioinosine potentiated the cyto- 
toxic effect of MP in partially tolerant cells and stimu- 
lated incorporation into nucleic acids; in addition, (d) 
nucleic acid-incorporated TG was found to be the major 
thiopurine derivative persisting in MP-sensitive cells 


at the time of the delayed cytotoxic reaction to MP expo- 
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These results are compatible with a biochemical 
mechanism for the delayed cytotoxic reaction of ME an 
volving incorporation of TG anabolites into nucleic acids. 
The level of incorporation of MP as TG into DNA was 4 times 
that into RNA in MP-sensitive cells. The reason for the 
higher incorporation into DNA is unclear. Factors af- 
fecting MP-cytotoxicity did not indicate whether incor- 
poration of TG into either DNA or RNA is responsible for 
the delayed lethal effect of MP. However, in view of the 
evidence relating cytotoxic effects of TG to incorporation 
into DNA, it seems likely that the delayed cytotoxic 
reaction of MP results from incorporation of TG into DNA. 

Electron dense, virus-like particles were ob- 
served in electron micrographs of sections of MP-treated 
L5178Y cells that were fixed at the time of the delayed 
cytotoxic reaction to MP exposure (D. M. Tidd, D. Scraba 
and A. R. P. Paterson, unpublished observations). These 
particles were associated with the outer cell membrane 
of MP-treated cells and were not seen in electron micro- 
graphs of untreated control cells. The origin of the 
virus-like particles is not known. However, it is note- 
worthy that MP has been used in mice to induce thymic 
lymphomas (46,119). These MP-induced lymphomas have been 
passaged in vivo by cell-free transfer and this would 


suggest a viral etiology (46,119). It is possible that 
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incorporation of MP as TG into DNA may induce synthesis 

of a latent tumor virus. Lowy et al., (117) recently 
reported induction of murine leukemia virus by 5-bromo- 
deoxyuridine in mouse embryo cell cultures. Similarly, 
Gerber (64) and Hampar et al. (73) have reported 5-bromo- 
deoxyuridine activation of the Epstein-Barr virus genome 
in "virus-negative" human cells. 5-Bromodeoxyuridine is 
incorporated into DNA and this drug elicited a delayed 
cytotoxic effect in cultures of L5178Y cells (see Chapter 
II). It is conceivable that incorporation of MP as TG 
into DNA may activate a viral genome in murine lymphoma 
L51l78Y cells. However, the MP-induced appearance of vixus=— 
like particles was not characterized further and it is not 
known whether this effect is relevant to the delayed cyto- 


toxic activity of MP. 


Ee Summary 


6-Thioguanosine-S~> and 6-2'-deoxythioguanosine- 
le were identified in venom hydrolyzates of RNA and DNA 
isolated from MP-S*°-treated L5178Y cell cultures. Both 
paper chromatography and selective acid hydrolysis estab- 
lished that the yes released by digestion of s?°_labeled 


30 


DNA was a TG deoxyribonucleoside, whilst the S released 


by digestion of RNA was a TG ribonucleoside. 
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Further treatment of venom hydrolyzates of sa 


labeled DNA and RNA confirmed that the 5?>-1abeled thio- 
purine moiety was TG. -Incubation with purine nucleoside 
phosphorylase resulted in conversion of the labeled 
derivative in both digests to TG; this also established 
that the TG nucleosides had the B-configuration about the 
anomeric carbon of the sugar. Subsequent treatment with 


nitrous acid converted 535 


slabeledtTGstosG-thioxanthine. 
Digestion with purified phosphodiesterases demon- 


stracedmthateMPewaseincorporated as TG nucleosides im 3)",5'= 


phosphodiester linkages of DNA and RNA chains. 3'-Nucleo- 


35 


iides toc Té-s7> were releasedetromese —lLabeleaspNArand 


RNA by digestion with micrococcal nuclease plus spleen 


phosphodiesterase. The 5'-ribonucleotide of TGeste was 
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released from S~~-labeled RNA by digestion with venom 


phosphodiesterase and the 5'-deoxyribonucleotide of Te-6°- 
was released from 5?>-1abeled DNA by digestion with DNase 
I plus venom phosphodiesterase. The position of the phos- 
phate substituent on the TG nucleotides was established 
by their susceptibility to hydrolysis catalyzed by 3'- 
and 5'-nucleotidases. 

A relation was observed between incorporation of 


MP as TG into nucleic acids and delayed cytotoxicity. 


Mycophenolic acid protected cells against the delayed 
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cytotoxic effect of MP and suppressed incorporation into 
nucleic acids. The spontaneous development of partial 
tolerance to MP exposure was associated with a reduced 
ceapacCrryerorermcorporation. of MP as TG into DNA and RNA. 
6-Methylthioinosine potentiated cytotoxic effects of 

MP in a partially tolerant cell line and stimulated 
incorporation into DNA and RNA. Nucleic acid-incorporated 
TG was the major thiopurine derivative persisting in MP- 
sensitive cells at the time of the delayed cytotoxic 
reaction to MP exposure. 

The delayed cytotoxic “activity of MP is probably 
mediated by TG anabolites through their incorporation into 
DNA. It is likely that one and the same biochemical 
mechanism is responsible for delayed cytotoxic effects 


of both MP and TG. 
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V. THE CELL CYCLE PHASE SPECIFICITY 


OF 6-MERCAPTOPURINE 


A. Introduction 


The experiments described in Chapter IV demon- 
strated that MP is incorporated as 8-2'-deoxythioguanosine 
in 3',5'-phosphodiester linkages of DNA and RNA chains. 

A relation was observed between the extent of this incor- 
poration and the delayed cytotoxic activity of MP. The 
Similarity between the delayed cytotoxic reactions of MP 
and TG suggested that incorporation of TG anabolites into 
DNA} is sresponsibie for the lethal etfects of MP. This 
would imply that cells are only sensitive to MP during 
the DNA-synthetic period of the cell cycle. In support 
of this hypothesis were the MP concentration-survival 
curves (Figures 15 and 16, Chapter II) which exhibited a 
saturation-kill effect similar to that reported for agents 
which are known to affect cells only during a particular 
phase of the cell cycle (27). 

The present experiments, performed by S. C. Kim, 
were designed to test the phase specificity of MP. Syn- 
chronized populations of L5178Y cells were exposed to MP 
during specific portions of their mitotic cycle and effects 


of these treatments on cell viability were determined. 
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B. Materials and Methods 


1. Cloning Assay for Cell Survival 
The cloning assay for cell survival is described 


in Chapter nt, Section B.6. 


2. Synchronization of Cells 


The conditions of the synchrony method of Doida 
and Okada (48) were adjusted to produce optimal yields 
of synchronized cells. Cultures (100 ml) containing nig” 
exponentially proliferating cells were exposed to 1.5 mM 
thymidine for 5 - 5.5 h, whereupon the medium was changed 
by an automatic pumping system which removed thymidine 
medium and introduced colcemid containing medium over a 
0.7 h interval; the resultant medium contained 0.1 mM 
thymidine and colcemid at a concentration of 0.015 - 0.02 
ug/ml. After 5 h incubation, the cells (then in metaphase) 
were washed and resuspended in drug-free media. Cells 
began to divide about 0.5 bh after release irom colcemid 
and cell numbers increased 160 - 170% during the following 
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3. Exposure to 6-Mercaptopurine 


Cultures were exposed to MP for specified inter- 


vals at various times after release from colcemid. At the 
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end of each exposure, cells were washed and resuspended 
in drug-free media and plated in soft agar medium for 


assay of viability by the cloning method. 


4. DNA Synthesis 


Rates of DNA synthesis were determined by pulse- 


labeling with ea nesGaas- culture samples were incubated 


with 150 4M >- 


C-thymidine at 37° for 20 min, cells were 
collected on Millipore filters (1.2 um pore size), washed 
twiceswith 25 ml of 5% w/v trichloracetic acid. and aiz 


dried. Filters were counted in a liquid scintillation 


system. 


(‘e Results 


L5178Y cells that were exposed successively to 
thymidine (1.5 mM, 6 h) and .colcemid (0:015 ug/ml, 5 h) 
divided synchronously upon release from colcemid (Figure 37) ; 
cell numbers began to rise by 0.5 h after release and 
WiEhin the tollowing 125 h the cell population increased 
1.65-fold. A second, less synchronized wave of mitosis 
also occurred in which the cell numbers increased 1.66- 
fold. The time interval between the 2 half-value points 
on the rising portions of the synchronous growth curve 


provided a value of 8.6 h for the cell generation time. 
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Figure 37. Exposure of synchronized L5178Y cells to MP 
during specific portions of the intermitotic intervals 
Following release from the colcemid block, cultures were 
treated with 200 uM MP during one of the four intervals 


indicated. These cultures were then assayed for cell 
viability (Figure 38). 
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Portions of the synchronized culture were exposed to 200 
uM MP for 1.5 h intervals at the indicated times after 
release from colcemid (Figure 37). Effects of these MP 
treatments on the ability of cells to form macroscopic 
colonies in soft agar medium are shown in Figure 38. The 
plating efficiencies of untreated control cultures, asyn- 
chronous and synchronized, were 70% and 34%, respectively. 
MP exposure during the first, second and fourth quarters 
of the intermitotic interval had only slight effects on 
the plating efficiency of the synchronized cells; however, 
plating efficiency was reduced to less than 10% of that of 
thetuntreated, synchronized control cells by) MP exposure 
during the third quarter of the intermitotic period. This 
period of maximum MP sensitivity corresponded to the time 
after release from colcemid at which the rate of  Gathy= 


midine incorporation into acid-insoluble material was 


greatest (Figure 39). 


D. Discussion 


It is apparent that L51/8SY cells were most sen- 
sitive to,MP during the third quarter of the intermitotic 
period; this result was obtained in 4 experiments (in- 
cluding that presently reported) in which MP concentra- 


tions during exposure were between 200 and 1000 uM. 
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Figure 38. Viability of MP-exposed cells from the experi- 
ment of Figure 37. 


tb 
lisa 
7 a - ve a 


wes a te vote rn 


184. 
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Figure 39. 14 4_thymidine incorporation nto, acid 


insoluble material in synchronized cultures of L5178Y 
cells. o, Cell number in synchronized cultures; 
14¢_thymidine (cpm), in, acid-insoluble« material, of syn- 
chronized cultures. @, Cell number in asynchronous 
control culture. 
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Treatment with MP did not affect the viability of mitotic 
cells (data not shown). The period of MP sensitivity 
corresponded with that at which that rate of DNA synthesis 
was maximal (Figure 39). It may be concluded that cells 
were most sensitive to the cytotoxic effects of MP expo- 
sure during the mid S-phase of the cell cycle. This 
result was compatible with the hypothesis that incorpora- 
tion of TG anabolites in internal nucleotide positions of 
DNA chains is responsible for the cytotoxic activity of 
MP. A similar cell cycle phase specificity was reported 
for B-2'-deoxythioguanosine. Barranco and Humphrey (13) 
demonstrated that synchronized Chinese hamster ovary cells 
were sensitive to ®6-2'-deoxythioguanosine during the early 
and middle portions of the S-phase of the mitotic cycle. 
The similarity to the present results provides further 
evidence for the postulate that cytotoxic effects of MP 


and TG are mediated by a common mechanism. 


E. Summary 


Division of cultured L5178Y cells was synchronized 
by the method of sequential thymidine and colcemid arrest. 
A synchronized wave of mitosis occurred upon release of 
the colcemid block and cells, so treated, exhibited maxi- 


mum sensitivity to cytotoxic effects of MP exposure during 
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the third quarter or mid S-phase of the subsequent inter- 
mitotic interval. This result supports the hypothesis 
that incorporation of TG anabolites into 3',5'-phospho- 
diester linkages of DNA chains is responsible for the 


CyYTOEOXIC tactivity of MP. 
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VI. GENERAL CONCLUSIONS 


A number of carcinolytic agents have been shown 
to destroy the long term reproductive capacity of cells 
without producing immediate signs of cytotoxicity. These 
agents are said to induce mitotic (65) or reproductive (18) 
death and they may be distinguished from treatments which 
are “acutely" toxic to cells. It was apparent in the 
present investigation that MP and TG belong to the former 
category. 

Altered DNA structure may be responsible for 
delayed lethal effects. 5-Bromodeoxyuridine is incorpora- 
ted into DNA whilst polynucleotides are alkylated by 
reaction with ethyl methanesulfonate; both drugs induced 
a delayed cytotoxicity in cultures of L5178Y cells. 
Meorporation of 1G»into DNA is thought cos bescentrally 
involved in the cytotoxic activity of this drug and MP 
was shown to be incorporated as TG in internal nucleotide 
positions of DNA and RNA chains. A relation was observed 
between the extent of this incorporation and MP cytotoxi- 
city which would suggest that the delayed cytotoxic 
reaction or MP tse in Teall tye thatwol TG.P ein addin, 
cultured L5178Y cells were shown to be most sensitive 
to the cytotoxic effects of MP exposure during the mid 


DNA-synthetic period of the cell cycle. This result 
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provides further evidence for the suggestion that incor- 
poration of TG anabolites into DNA is responsible for the 
cytotoxic activity of MP. A similar cell cycle phase 
specificity was reported for 8-2'-deoxythioguanosine (13). 

It is evident that the ability to alter the 
structure of DNA is a common property, shared by the dif- 
ferent agents which elicit delayed lethal effects. In 
attempting to account for the mode of cell death, a situa- 
tion might be envisaged in which cell processes would 
continue for a limited period before errors in replication 
and repair of genetic material accumulated. 

Incorporation of TG anabolites into DNA may also 
be the mechanism responsible for the chemotherapeutic ef- 
fects of MP against human leukemia. Scheduling of MP 
treatments would be a critical factor affecting the 
response to therapy. It might be predicted that an optimum 
response would be achieved when the concentration of MP 
in body fluids was maintained at a value sufficient to give 
Maximum incorporation throughout a period in which prolif- 
erating elements of the neoplasm would realise at least 
one complete replication of their DNA. A subsequent inter- 
val of no treatments would allow normal proliferating cell 
populations to recover before the treatment was repeated. 
The procedure of high dose intermittent therapy (19) may 


approximate to this ideal. Results of the present 
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investigation would recommend that MP abe fadministered aby 
continuous infusion over a period that was related to 
predetermined cell kinetics of the leukemia. 

An alternative approach to the optimization of 
MP therapy might involve in vivo synchronization of malig- 
nant cell populations. Acute lymphoblastic leukemic cells 
are accumulated in the early part of the S-phase by 
treating the patients with arabinosylcytosine (J. J. 
Akabutu, personal communication). A synchronized phase 
of DNA synthesis occurs in such cells after release from 
the arabinosylcytosine block and therapeutic effects might 
be enhanced by treatment with MP at this time. 

Mycophenolic acid protected L5178Y cells against 
the delayed cytotoxic reaction of MP. This tllustrates 
the possibility of inducing antagonistic effects when drugs 
are used in combination. It is likely that arabinosyl- 
cytosine would also protect cells against simultaneous 
exposure to MP by inhibiting the passage of cells into 
the MP-sensitive phase of the mitotic cycle. Drugs which 
inhibit ribonucleotide reductase would probably reduce 
cytotoxic effects of MP by inhibiting both DNA synthesis 
and the conversion of MP to deoxyribonucleotide derivatives 
of TG. Care must therefore be taken in selecting drugs 
for simultaneous combination therapy. 


In metabolic terms, MP is far removed from a 
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Site of action involving incorporation of TG anabolites 
into DNA. 8-2'-Deoxythioguanosine might achieve some 
chemotherapeutic advantage over MP in that fewer metabolic 
steps would be required for incorporation of the thiopurine 
into DNA. £8-2'-Deoxythioguanosine may well be effective 
against certain types of tumors which have formerly exhi- 


bited poor responses to therapy with MP (127). 
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